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systems and eliminates the methanol containing medium and antibiotic requirements of 

Pichia pastoris. With easy-to-use protocols and highly competent K. lactis cells included, this
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� New England Biolabs Inc. 240 County Road, Ipswich, MA 01938 USA 1-800-NEB-LABS Tel. (978) 927-5054 Fax (978) 921-1350  info@neb.com
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For more information and international distribution network, please visit www.neb.com

the leader in enzyme technology
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K. lactis Protein Expression Kit from New England Biolabs
YEAST PROTEIN EXPRESSION MADE EASY

Advantages:

� High yield protein expression

� Rapid high cell density growth

� Methanol-free growth media

� Plasmid integration enhances stability

� Acetamide selection enriches for 
multi-copy integrants, enhancing yield

� Tight control of gene expression enables
expression of toxic genes

� Access to eukaryotic protein folding and 
glycosylation machinery

� Simultaneous expression of multiple proteins
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(p. 1757; see the Perspective by Kane and Mele)
present theoretical work proposing that HgTe/CdTe
quantum-well structures should be a more robust
QSHE system, and present a outline of how the
effect could be experimentally detected.

Coaxial Organic 
Photoconductor
In an organic photovoltaic devices, separate
electron donor and acceptor layers harvest
charge carriers created by absorption of pho-
tons. Yamamoto et al. (p. 1761; see the Per-
spective by Würthner) have self-assembled
coaxial nanotubes from molecules that contain
a large electron-donating aromatic core (hexa-
benzocoronene) on which is appended, via a
long, flexible linker, an electron-accepting
trinitrofluoronene group. These nanowires are
16 nanometers in diameter and several
micrometers in length. When cast as films on
electrodes, the nanotubes show large changes
in conductivity (on-off ratios in excess of 104)
when irradiated with ultraviolet-visible light.
The nanotubes avoid formation of a noncon-
ducting charge-transfer complex that was seen
in an alternate microfiber morphology of these
same molecules.

Grow, Stamp, Stack 
The assembly of complex electronic and commu-
nication circuitry requires the assembly of sev-
eral layers of dissimilar materials, and methods
such as wafer bonding and epitaxial growth can
deposit layers of thin films for the production
of complex three-dimensional structures. How-
ever, for preformed nanomaterials, such carbon
nanotubes or semiconductor nanowires, or

Rubidium-Rich Stars
When stars get old, they swell into giants. At the
bottom of their convecting zones, heavy ele-
ments, such as rubidium and strontium, are pro-
duced through the s process by slow nuclear
reactions involving the capture of neutrons. In
hot stars that are several times more massive
than the Sun, theory predicts that the neutrons
generated by conversion of 22Ne to 25Mg should
produce large amounts of the long-lived isotope
87Ru, but little of this material has been
observed. García-Hernández et al. (p. 1751,
published online 9 November; see the Perspec-
tive by Boothroyd) have found the missing Rb
in 60 asymptotic giant branch stars in our
Galaxy. These stars have levels of 87Ru that are
10 to 100 times greater than that of the Sun but
are only three to eight times more massive. The
discovery points to metallicity differences in
nucleosynthesis reactions in the late stages of the
evolution of intermediate-mass stars, and also
has implications for isotopic anomalies observed
in some presolar grains found in meteorites.

Stalking the Quantum Spin
Hall Effect
In the quantum spin Hall effect (QSHE), coupling
between the orbital and spin angular momen-
tum of an electron on the edges of a bulk insu-
lating state creates a conduction state that
allows charge flow in only one direction. It does
not require any external magnetic field (whose
presence would break time-reversal symmetry),
and it has been suggested that the helical edge
states could conduct without dissipation.
Although graphene exhibits characteristics of
this state, its small energy gap complicates
experimental observations. Bernevig et al.

materials with limited thermal stability, alter-
native assembly strategies will be needed for
their controlled deposition.
Ahn et al. (p. 1754)
have produced
nanometer-scale
semiconducting
materials and
then printed
them with an
additive stamp-
ing process. The
printing process
works well on
both rigid and
flexible substrates
and produces
high-quality,
robust electronic
systems.

Mitochondrial Footprint of
Human Migrations
Modern humans are thought to have dispersed
out of Africa along a single southern path—
from the Horn of Africa across Bab-el-Mandeb
(the Gate of Tears) to the Arabian Gulf and then
along the coasts of the Indian Ocean to South-
east Asia and Australasia, a migration route
consistent with the known distribution of mito-
chondrial DNA (mtDNA) genetic markers. Curi-
ously, haplotypoes M1 and U6, which are
closely related of some of the predominantly
Asian halogroups, are specifically found in
North and East Africa. Olivieri et al. (p. 1767)
sequenced a wide-ranging series of M1 and U6
mtDNA genomes and found that populations
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El Niño Integrated 
The El Niño–Southern Oscillation, or ENSO, is the
most energetic of all of the large-scale, quasi-peri-
odic, ocean-atmosphere climate oscillations that hap-
pen on human time scales. Although ENSO occurs in
and above the Pacific Ocean, nearly every region of

Earth is affected by changes in weather, ecosystems,
and the global carbon cycle. McPhaden et al. (p. 1740)

review the physics of ENSO, and its most important envi-
ronmental and socioeconomic impacts, in order to under-

stand it as an “integrating” concept in earth science.

Continued on page 1655
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This Week in Science

bearing these markers must have arisen in southwestern Asia and then returned to North and East
Africa some 40,000 to 45,000 years ago, at a time when changes in climate created fragmented
deserts in these areas. Ancestral M1 and U6 populations apparently moved through the Levant
when populations from this area were moving into Europe.

Plankton Extinctions in Acidic Oceans
At the Paleocene-Eocene Thermal Maximum (~55 million years ago), rapid increases in atmospheric
CO2 levels in excess of 1000 parts per million by volume (about three times current levels) raised
global temperatures by more than 5ºC and caused marine and terrestrial extinctions. Gibbs et al.
(p. 1770) used several high-resolution cores to examine the effects of this event on plankton and
found little ecological basis for the extinctions. Most of the taxa that went extinct were rare taxa, and
these did so rapidly, within the first 10,000 years or so of the event. Despite any effects of the high
CO2 levels on acidifying the oceans, there was no preferential extinction of plankton relying on cal-
cium carbonate structures.

P[acman] P[romotes] T[ransformation]
About 20 years ago, the development of transgenic methods that used P element transformation
greatly facilitated gene analysis in Drosophila melanogaster. However, the method limits the size
of DNA fragments for insertion and can only target specific sites in the genome. Venken
et al. (p. 1747, published online 30 November) now develop a tool, termed P[acman], that
allows site-specific insertion of DNA fragments of more than 100 kilobases. The method will facili-
tate structural and functional analyses of any Drosophila gene and will permit tagging of proteins
in vivo. 

Injectable
Virulence
Little is known about
the molecular determi-
nants of virulence in
eukaryotic pathogens
like Toxoplasma gondii and malaria. Progress has been hampered by inefficient genetic tools, large
genomes, and complex life cycles. Using forward genetic analysis, Taylor et al. (p. 1776) and
Saeij et al. (p. 1780) show that a few clustered genes on a single chromosome control the dra-
matic difference seen in the virulence of natural lineages of the parasite T. gondii. The most impor-
tant of these genes encodes a conserved serine/threonine kinase that is injected into the host cell.
Although this process is reminiscent of type III secretion in bacteria, it is mechanistically and evolu-
tionarily distinct. 

Quieting the Brain at Birth
Birth entails a multitude of transitions. Studying rats, Tyzio et al. (p. 1788) have identified yet one
more, a link between oxytocin exposure and the switch in how certain brain neurons fire. The neuro-
transmitter GABA (γ-aminobutyric acid) is usually excitatory in fetal brain neurons but inhibitory once
they mature. Exposure to oxytocin during parturition causes a switch from excitation to inhibition in
GABA signaling. This quieting of neuronal activity may serve to protect the brain against transient
hypoxia during birth. 

Climbing the Gradient
During chemotaxis, cells respond to tiny changes in the concentration of chemoattractant molecules
and move toward their source. Chen et al. (p. 1792; see the Perspective by Linden) show that in
addition to receptors for the chemoattractant peptide N-formyl-Met-Leu-Phe (fMLP), human neu-
trophils use two other receptor systems to promote appropriate cell migration. Neutrophils exposed to
a concentration gradient of fMLP released adenosine triphosphate (ATP) at the leading edge of the
cell. The released ATP appeared to act in an autocrine manner and stimulated purinergic receptors to
provide a signal required for proper orientation of the cell.

We invite you to travel with
AAAS in the coming year. 
You will discover excellent
itineraries and leaders, and
congenial groups of like-
minded travelers who share a
love of learning and discovery.

17050 Montebello Road
Cupertino, California 95014

Email: AAASinfo@betchartexpeditions.com
On the Web: www.betchartexpeditions.com

Call for trip brochures &
the Expedition Calendar

(800) 252-4910

Mystique
of Indochina

March 1-17, 2007
Led by Dr. Chris Carpenter
discover the coastal and mountain
sights of Vietnam and the jungle-clad
ruins of Angkor Wat in Cambodia.
Visit two national parks, Cuc Phuong
and Cat Tien. $3,695 + air.

Ancient Macedonia
April 9-22, 2007

Discover fabled archaeological sites,
birds, and fields of wildflowers in
Northern Greece, as we explore the
homeland of Alexander the Great
with Mark Walters.$3,450 + air.

Backroads China
March 18–April 3, 2007

With FREE Angkor Wat Tour (+ air)
Join our guide David Huang, and
discover the delights of South-
western China, edging 18,000-
foot Himalayan peaks, the
most scenic & culturally rich
area in China. $3,295 + air.

Wild &
Prehistoric

France
May 18-31, 2007

Explore prehistoric sites in Haute
Provence, the Massif Central, and
the Dordogne. See spectacular gorge
country, remote villages, and images
of great cave paintings at Lascaux II.
$3,450 + air.

Aegean Odyssey
May 23–June 6, 2007
with optional Istanbul

Extension to June 9
Experience a classic adventure with
Dr. Ken Sheedy. Explore Athens,
Delphi, Delos, Santorini & Knossos.
$3,895 + 2-for-1 air from JFK.

Tibetan Plateau
July 4-22, 2007

Discover Tibet, a place of fascination
for naturalists and explorers for cen-
turies, from the eastern grasslands
to the heart of Tibet—Lhasa & more!

Continued from page 1653
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HUMAN FRONTIER SCIENCE PROGRAM (HFSP)
12 quai St. Jean, 67080 STRASBOURG Cedex, FRANCE

E-mail: grant@hfsp.org
Web site: http://www.hfsp.org

OPPORTUNITIES FOR INTERDISCIPLINARY RESEARCH

The Human Frontier Science Program (HFSP) supports international collaborations in basic
research with emphasis placed on novel, innovative and interdisciplinary approaches to funda-
mental investigations in the life sciences. Applications are invited for grants to support projects on 
complex mechanisms of living organisms.

CALL FOR LETTERS OF INTENT FOR RESEARCH GRANTS:
AWARD YEAR 2008

The HFSP research grant program aims to stimulate novel, daring ideas by supporting collaborative
research involving biologists together with scientists from other disciplines such as chemistry, phys-
ics, mathematics, computer science and engineering. Developments in these as well as emerging 
disciplines such as computational biology and nanoscience open up new approaches to understanding
the complex mechanisms underlying biological functions in living organisms. Preliminary results are 
not required in research grant applications. Applicants are expected to develop new lines of research 
through the collaboration; projects must be distinct from applicants’ other research funded by other 
sources. HFSP supports only international, collaborative teams, with an emphasis on encouraging 
scientists early in their careers. 

International teams of scientists interested in submitting applications must first submit a 
letter of intent online via the HFSP web site. The guidelines for potential applicants and further
instructions are available on the HFSP web site (www.hfsp.org).

Research grants provide 3 years support for teams with 2 – 4 members, with not more than 
one member from any one country, unless an additional member is absolutely necessary for 
the interdisciplinary nature of the project. A local or national interdisciplinary collaboration, as 
a component of an international team, will be considered as 1.5 team members for budgetary
purposes (see below). The principal applicant must be located in one of the member countries*
but co-investigators may be from any other country. Clear preference is given to intercontinental
teams.

TWO TYPES OF GRANT ARE AVAILABLE:

Young Investigators’ Grants are for teams of scientists who are all within 5 years of establishing 
an independent laboratory and within 10 years of obtaining their PhDs.

Program Grants are for independent scientists at all stages of their careers, although the participa-
tion of younger scientists is especially encouraged.

Depending on team size, successful teams will receive from $250,000 to $450,000 per year for the 
whole team.

Important Deadlines:
Compulsory pre-registration for password: 22 MARCH 2007

Submission of Letters of Intent: 03 APRIL 2007

*Members are Australia, Canada, the European Union, France, Germany, India, Italy, 

Japan, New Zealand, the Republic of Korea, Switzerland, the United Kingdom and the United States.
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EDITORIAL

Taking the Pulse of the Oceans
UNDERSTANDING HUMAN IMPACT ON THE GLOBAL ENVIRONMENT REQUIRES ACCURATE AND 
integrated observations of all of its interconnected systems. Increasingly complex models,
running on ever more powerful computers, are being used to elucidate dynamic links among the
atmosphere, ocean, earth, cryosphere, and biosphere. But the real requirement for integrated
Earth system science is a systematic, sustained record of observations, starting from as early as
we can get quantitative information and extending reliably into the future. In particular, the
ocean is critically undersampled both in space and time, and national and intergovernmental
observational commitments are essential for progress.

Ocean basins cover most of the planet and are filled with circulating turbulent fluid whose
behavior can be modeled only by approximation. For instance, we talk of a “conveyor belt,” but
this is an unrealistic cartoon of actual turbulent circulation, which by transporting heat and fresh
water affects the planet’s climate. Knowledge about the true variability of the circulation
remains elusive because long-term systematic observations are lacking. 

Any seafarer knows that although one can look up from the deck of a ship and see the Moon
clearly through 100 km of atmosphere, one cannot look down and see further than 1 m.
Because the ocean is opaque to all wavelengths of electromagnetic radiation, Earth-observing
satellites can’t see below the surface either. Thus, much of the ocean must be observed from a
patchwork of drifting and moored buoys, neutrally buoyant floats, coastal installations, and
ship-based measurements. 

Great recent progress has been made with each of these individual observing-system
components. The launch of the 1250th drifting surface buoy in Halifax Harbor last year
completed a network that is vital for tropical storm track prediction. The rapidly expanding
international network of Argo floats has rewritten our knowledge of the
temperature and salinity of the upper oceans. Moored buoy arrays in
the tropics have made seasonal climate and El Niño prediction a real
possibility. With tide gauges reporting in real time, not only can we
predict coastal inundation hazards, but we can also disentangle the
myriad processes involved in changing global sea level. Although
observing the ocean is challenging, in particular cases it can be done well.

For 15 years, a global ocean-observing system under the auspices
of the Intergovernmental Oceanographic Commission (IOC) of the
United Nations’ Educational, Scientific, and Cultural Organization
(UNESCO) has been meeting important needs of global society.
However, surprisingly little progress has been made toward a truly global
system with long-term funding commitments. Lacking such a system and
commitments, critical scientific hypotheses will remain untested.

The IOC is now working with the Global Earth Observation System
of Systems (GEOSS) to identify national focal points for ocean
observation efforts and to integrate these efforts into a truly global
system. Unfortunately, there is still no plan for sustaining individual
measurement programs, for integrating them into a coherent observing system, or for
supporting them with stable funding. With a few notable exceptions, substantial multilateral
government support for coordination and integration remains elusive.

To address this flaw, we propose the development of a UNESCO convention that
commits nations to sustaining an integrated ocean-observing system that will lead to better
understanding of the ocean and at the same time enable the provision of hazard warnings,
monitoring of climate change, and management of marine and coastal resources.
UNESCO’s IOC stands ready to broker the development of such a convention. Preliminary
discussions, including completion of the initial GEOSS tasks in ocean observation, begin
at the next meeting of the Intergovernmental Committee for the Global Ocean Observing
System in June 2007 in Paris. Will your nation be at the table?

– Keith Alverson and D. James Baker

10.1126/science.1135358

Keith Alverson is director
of the Global Ocean
Observing System and
head of Ocean Observa-
tions and Services at the
IOC of UNESCO, 1 rue
Miollis, 75732 Paris,
Cedex 15, France. E-mail:
k.alverson@unesco.org.

D. James Baker is a for-
mer undersecretary for
Oceans and Atmosphere
and administrator of the
National Oceanic and
Atmospheric Administra-
tion and is currently a
consultant at the IOC 
of UNESCO. 
E-mail: djamesbaker@
comcast.net
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The Nobel Prize in Medicine for 2006: 

awarded to Craig C. Mello, PhD, 

and his colleague Andrew Fire, PhD, 

for their discoveries related to RNA interference.

Congratulations, Dr. Mello!

W W W . Q I A G E N . C O M
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obtain it by ingestion from folate-rich dietary
sources. Maternal folate deficiency has been
associated with an elevated risk of neural tube
defects in the developing embryo, which can
lead to malformations of the spine (such as
spina bifida), skull, and brain. Because of these
public health issues, there is considerable inter-
est in understanding the specific molecular
mechanisms that the body uses to absorb folate
from food.

Through a combination of database mining,
cell biology, and human genetic analysis, Qiu
et al. have identified a
transporter protein that
appears to be responsi-
ble for the intestinal
absorption of folate.
Previously isolated as
heme carrier protein
HCP1, the proton-cou-
pled folate transporter
(PCFT) was expressed in
the small intestine,
bound folate with high
affinity, and transported
folate efficiently into
cultured cells at the
low pH that character-
izes the intestinal
milieu. An inactivating
mutation in the corresponding gene was identi-
fied as the molecular culprit in a family with
hereditary folate malabsorption. — PAK

Cell 127, 917 (2006).
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E C O L O G Y

Feasting on Fish
Like drivers at a carwash, coral reef fish queue at cleaning stations to have
parasites, slime, and broken scales nibbled away by smaller fish and by
shrimps. These species interactions are interesting for their tropical ubiquity
and the diversity of species that can be found as clients and cleaners.
Although some cleaners are obligate professionals, others are dilettantes
and adopt this life-style intermittently.

Floeter et al. have compiled data from around the tropics to tease out the
selection pressures acting on these interactions. The basic emerging rela-
tionship is that, owing to abundance, the more common, planktivorous, and
gregarious species take up most of the cleaner’s time. Client size doesn’t
seem to be very important, nor does professionalism, when it comes to deal-
ing with carnivores that might eat the fish or shrimp that is cleaning them.
Hence, this study adds to a growing body of evidence suggesting a central
role for abundance in structuring species interactions. Guimarães et al. have
also looked at cleaning mutualisms. They document a pattern of nestedness,
dominated by a core of a few, very busy cleaner species that service a wide
variety of clients, with less popular cleaners and clients, both of which inter-
act with core species but not each other, lounging on the periphery. — CA

J. Anim. Ecol. 10.1111/j.1365-2656.2006.01178x (2006); Biol. Lett.
10.1098/rsbl.2006.0562 (2006).

C H E M I S T R Y

Treacherous Tetrahedron

The relative strength of the triple bond in N2
renders compounds with three or more catenated
nitrogen atoms unstable, often explosively so.
Banert et al. have succeeded in the careful prepa-
ration and isolation of the nitrogen-rich, danger-
ously explosive tetraazidomethane, C(N3)4, as a
colorless liquid at room temperature. The stable,
readily available trichloroacetonitrile molecule
proved the most convenient precursor, affording
the product after an 18-hour reaction with sodium
azide in acetonitrile solvent.  Cycloadducts with
three and four equivalents of cyclooctyne could be
isolated in ~5% yield and were characterized
crystallographically.  Reaction with norbornene,
however, yielded unusual tetrazole derivatives in
place of expected 1,3-dipolar cycloaddition
adducts.  Despite the compound’s instability, 
the authors acquired clean 13C and 15N nuclear
magnetic resonance spectra, as well as vibrational
and mass spectral data, and an estimated boiling
point of 165ºC.  Both Brønsted and Lewis acids
accelerated exchange with free azide. — JSY

Angew. Chem. Int. Ed. 45,
10.1002/anie.200603960 (2006).

B I O M E D I C I N E

An Absorbing Tale

Folate is a water-soluble vitamin that plays a
critical role in metabolism. Because humans
cannot synthesize it biochemically, they must

P S Y C H O L O G Y

Me et al.

An established and unsurprising characteristic
of people working within teams is that each
individual believes that he or she makes a dis-
proportionately large contribution to the group
output, so that the summed estimates are
greater than the whole. These self-appraisals
can be tempered if individuals are encouraged
to regard what other team members do, and
this shift in perceptions is thought to be con-

ducive to group harmony and satis-
faction.

Caruso et al. have looked more
closely at whether structural hetero-
geneity within teams might influ-
ence perceptions and feelings in
other-regarding situations. In stud-
ies gauging the self-contribution
estimates of coauthors of 150 pub-
lished papers (and their enjoyment
of those collaborations) and experi-
mentally manipulating the per-
ceived and objective contributions
to group projects, they found that

workers who believed that they had
done more (and those who actually had done
more) were less satisfied, relative to those who
had done less, when asked to consider the con-
tributions of their teammates, in part because
they became more aware of inequalities when
taking a broader perspective. An additional

EDITED BY GILBERT CHIN AND JAKE YESTON

Continued on page 1661

PCFT (green) local-
izes to the plasma
membrane.

A cleaning session.
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Science
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in the Bush Administration

SETH SHULMAN

“Forcefully makes the case that

in the Bush administration ide-

ology trumps fact, political

expediency trumps science.

The extraordinary claims made

by Shulman are persuasive

because they are based on 
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$24.95 hardcover
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finding is that this deleterious and unintended
consequence of encouraging other-regarding
behavior was largely mitigated in a competitive
setting, where the allocation of rewards
acknowledged individual rather than group
performance, as exemplified in authorship
order. — GJC

J. Pers. Soc. Psychol. 91, 857 (2006).

C H E M I S T R Y

Brightening Tumor Analysis

In order to better understand the growth of can-
cerous tumors, clinicians may evaluate hundreds
of samples for the expression of certain proteins,
ideally in a quantitative fashion. Current meth-
ods of analysis tend to be only semi-
quantitative, however, because
the fluorescence signals gen-
erated from dyes may be
distorted by tissue autoflu-
orescence and photo-
bleaching, and moreover,

immunochemistry techniques can
suffer from the imprecision of scoring by
visual inspection. Ghazani et al. use semiconduc-
tor nanocrystals, or quantum dots (QDs), to
implement a quantitative analysis technique. In
contrast to fluorescent dyes, QDs have much
brighter fluorescence signals and are less prone
to photobleaching. The QDs in this case are bio-
conjugated for specific antigens, and the output
fluorescence of a full array can be measured
using optical spectroscopy. Efficient algorithms
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facilitate subtraction of tissue autofluorescence,
as well as other automated corrections. Thus,
intensity values can be used to give accurate,
sensitive, and quantitative measurements for a
range of protein markers. — MSL

Nano Lett. 6, 10.1021/nl062111n (2006).

A P P L I E D  P H Y S I C S

Warming Up Neuroimaging
Superconducting quantum interference devices,
or SQUIDs, are remarkably sensitive instruments
for detecting small magnetic fields. When placed
in an array in a helmet-like structure, they can
even be used to detect the minute magnetic fields
given off by the human brain. However, these

neuroimaging machines tend to be large and
expensive, in part because they require the

SQUIDs to be held constantly at cryo-
genic liquid helium temperatures. 

Recent work has shown that cer-
tain atomic gases are also sensitive
to small magnetic fields and can be
used to detect the fields given off by

the heart. By refining this technique,
Xia et al. have succeeded in measuring

the hundredfold-weaker magnetic signals
emerging from the brains of human test 

subjects.  A cloud of potassium atoms isolated in a
gas cell is optically excited, effectively rendering
each atom an individual compass needle. The
presence of a magnetic field then causes the
atoms to precess, which in turn induces optical
rotation of a probe beam used to quantify the
field. The measurement matches the sensitivity of
the low-temperature SQUIDs without the need for
cryogenic cooling. — ISO

Appl. Phys. Lett. 89, 211104 (2006).

Continued from page 1659
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<< Stimulating Close Encounters
Phagocytes engulf microbes by enveloping them in a patch of mem-
brane that invaginates to form a phagosome; this then fuses with a
lysosome, which contributes the enzymes that destroy the internalized
pathogen. Trivedi et al. exposed mouse macrophages to latex beads to
investigate how immunoglobulin G (IgG)–class antibodies, which stim-

ulate phagocytosis, might promote the latter stages of this process. When macrophages incubated
with beads coated with either bovine serum albumin or IgG at 15oC (allowing bead engulfment
but not fusion) were warmed to 37oC, the association of IgG-coated beads with phagolysosomes
was faster than that of the albumin-coated beads. Cytosol from cells transfected with human Fcγ
receptor (making them phagocytic) and incubated with IgG beads promoted phagosome-
lysosome interactions more effectively than that from unexposed cells, an effect enhanced by
transfection of the cells with protein kinase C (PKC). Inhibition of PKC abolished the stimulatory
effect of IgG, and further pharmacological analysis indicated that IgG stimulated the actin-
dependent tethering or docking (or both) of phagosomes and lysosomes. Thus, facilitation 
of phagosome-lysosome attachment by way of PKC appears to be one mechanism whereby IgG
signaling stimulates phagocytosis. — EMA

Proc. Natl. Acad. Sci. U.S.A. 103, 18226 (2006).

www.stke.org

Antigen detection by 
QD fluorescence.
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RANDOMSAMPLES
E D I T E D  B Y C O N S TA N C E  H O L D E N

Depression doesn’t just put a lid on feelings. Many depressed
people also complain of blunted taste sensations, a finding
that has been hard to explain. 

Diminished levels of certain types of brain neurotransmit-
ters may be the reason, according to researchers at the
University of Bristol in the U.K. The group, led by physiologist
Lucy Donaldson, has shown that healthy volunteers who
received a selective serotonin reuptake inhibitor, which
increases serotonin levels in the brain, became supersensitive
at detecting sweet and bitter tastes. Those who received an
antidepressant that enhances noradrenaline became more
sensitive to sour and bitter, the researchers reported last week

in the Journal of Neuroscience.
The dampening of taste is probably

not happening in the brain itself, as some
have thought, Donaldson says: “Our
hypothesis is that this is happening at the
level of the taste buds.” Although sero-
tonin and noradrenaline are both known
to be involved in taste signaling, the con-
nection between mood and taste-bud
activity is new. “It may be feasible to use
a simple [taste] test to see what kind of

medication people should be given,” says
Donaldson, who plans to repeat the experiment with depressed
subjects to see whether they are more insensitive to sweet or
sour tastes. 

“I’m very excited by this paper,” says taste researcher
Stephen Roper of the University of Miami Miller School of
Medicine in Florida, who adds that it “confirms and extends”
the connection between serotonin and taste transmission.

The Tastes of Happiness?

AVOIDING WHALE-SHIP HITS
The London-based International Maritime Organization was expected to
vote last week to shift shipping lanes off the Massachusetts coast in order
to protect whales. 

The decision is based on a 4-year effort by scientists to map the dis-
tribution of baleen whales 50 kilometers off Boston Harbor. Currently,
hundreds of baleens, including the endangered North Atlantic right
whale, feed on fish and plankton in the Stellwagen Bank National Marine
Sanctuary. But roughly one whale per year is struck by
the 200 shipping vessels that pass through the harbor
monthly, and scientists say the recovery of the right
whale, thought to number only 350, is hampered by
these accidents, as well as by ships’ fishing nets.

By poring over 25 years of whale observations,
U.S. government and sanctuary researchers found
that the current shipping lane passes directly through
a high-density region of whale feeding (red area on
map). So they proposed to shift the lane up to 16 km
north (dotted line) and to narrow it by 20%, to 7.4
km. The Boston Harbor Pilot Association fears that the
narrower lane will lead to more ship collisions, but others say it is safe
given the precision afforded by Global Positioning Systems.

The change would add only 15 minutes to the trip and prevent most
whale strikes, what Stellwagen’s Craig McDonald calls “an enormous
conservation benefit for a minimal cost.”

What do the mountains in the background of the Mona Lisa reveal about
Leonardo da Vinci’s knowledge of erosion? What can high-tech scanners tell
us about his other work? Find out at the nifty exhibit Universal Leonardo
from the University of the Arts London. One section explores how Leonardo’s
writings, sketches, and paintings reflect his view of the world, where all
things—from the motion of water to the curling of hair—are connected
through the geometrical rules that govern nature.

Another highlight is an investigation of what different imaging tech-
niques have uncovered about the history of Leonardo’s 1501 painting
Madonna of the Yarnwinder. For instance, a profilometric analysis, which
uses a laser to map the painting’s tiny variations in height, shows that some
restorers “repaired” undamaged sections, such as the child’s right cheek. 
An ultraviolet scan (above) also reveals touchups on the infant’s calf and hip.
>> www.universalleonardo.org

A New Look at Leonardo
NETWATCH >>
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Cloning Thumbs-Up in Oz
Australia last week became the latest in a handful of countries
to explicitly approve the practice of therapeutic cloning—oth-

erwise known as somatic cell nuclear transfer (SCNT)—for
scientists working with human embryonic stem cells.

By a vote of 82 to 62, the House of Representatives in
Canberra defied the country’s political leadership, includ-
ing Prime Minister John Howard, and endorsed a vote by
the Senate last month, ending a 4-year ban on SCNT. The
new law requires destruction of SCNT-created embryos
within 14 days. It also adds a restriction: Insertion of
human genetic material into animal eggs is not allowed.

Australian scientists are “elated” at the development,
which may enable them to generate genetically tailored

populations of stem cells to study diseases, says stem cell
researcher Alan Trounson of Monash University in Melbourne.

The new law should also boost attendance at the 
5th annual meeting of the International Society for Stem Cell
Research, which will be held in Cairns, Australia, in June.
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NEWSMAKERS
EDITED BY YUDHIJIT BHATTACHARJEE

GLOBETROTTER. A prominent Japanese newspaper
has criticized British Nobelist Sydney Brenner 
for spending only a fraction of his time in Japan
despite drawing a $160,000 annual salary as 
full-time head of the planned Okinawa Institute 
of Science and Technology (OIST). But Japanese
officials say Brenner’s doing a great job no matter
where he is. 

The Yomiuri Shimbun calculated that the 
79-year-old molecular biologist has spent only 
63 days in Japan since being appointed to the posi-
tion 15 months ago. That’s not surprising given
Brenner’s multiple research and administrative
appointments in the United States, United
Kingdom, and Singapore.  

Kiyoshi Kurokawa, science adviser to Japan’s
prime minister and chair of OIST’s board of gover-
nors, admits that the paper’s tally is “roughly cor-
rect.” But “it is simply amazing to consider what he
has been doing for us,” says Kurokawa, who notes
that Brenner’s stipend is far below international
standards. “Yomiuri has missed the point and is
dwelling on a minuscule technicality.” Brenner did
not respond to an e-mail seeking comment.

R I S I N G  S TA R S
A WIN-WIN. Education pays. Just ask Oak
Ridge National Laboratory (ORNL) biologist
Nagiza Samatova. This month, three
Tennessee high school students she has been
mentoring received $100,000 as the winning
team in the annual Siemens Competition in
Math, Science, and Technology. And their

HIGHER STAKES. Despite an increase in the U.S. National Science Foundation’s
(NSF’s) budget, winning a grant from the agency is a lot tougher now than it was
6 years ago. But while the success rate for applicants has dropped from 30% in
2000 to a current level of 21% because of a 47% jump in applications and little
growth in the number of awards made, scientists who succeed are getting grants
that, on average, are 41% larger than in 2000 (see graph).

“In 2002, we said that if we had to choose between success rates and grant
size, grant size should win,” noted National Science Board member Ray Bowen
after a recent presentation by an internal working group examining the issue.*

“So in a sense, we asked for what has happened.” 
NSF hopes to survey recent grantees early next year to learn more about the

factors driving the rise in applications. One factor could be a growth in solicita-
tions for proposals in particular areas. The working group also found that the
average winning scientist now submits 2.2 proposals compared to 1.7 a decade
ago. At the same time, young scientists are keeping pace: Some 60% receive their
first NSF grants within 5 years of their doctoral degrees, the same as a decade
ago, and 73% get one within 7 years.

* www.nsf.gov/od/opp/opp_advisory/briefings/oct2006/nsf_prop_study.pdf 
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research helped her win an $800,000 grant
from the lab. 

Scott Molony, Steven Arcangeli, and Scott
Horton (left to right)—seniors at Oak Ridge
High School—spent nearly 6 months in
Samatova’s lab identifying genes and bio-
chemical pathways useful for microbial
ethanol production. They were so successful
that Samatova won an ORNL-run, peer-
reviewed grant competition that gave her
enough money over the next 2 years to keep
the students working on the project and also
hire additional staff. “It’s not a miracle,” she
adds. “It’s the families and school system;
they gave us extremely good material.” 

Siemens gives away $2 million each year
to outstanding students. Dmitry Vaintrob of
South Eugene High School in Oregon won
this year’s top individual prize, a $100,000
college scholarship.

I N  B R I E F
CHANGE AT EMBO. Frank Gannon, executive
director of the European Molecular Biology
Organization (EMBO), plans to retire from his
post in mid-2007. In his 12 years as leader
of the 1100-member society, Gannon 
introduced initiatives to nurture young
researchers, launched two journals, EMBO
Reports and Molecular Systems Biology,
and expanded the society’s influence on 
policymaking. A search for a new executive
director is on. 

HONORED. Nobelist Joshua Lederberg 
and Nathan Sharansky, a mathematician 
and prominent Soviet dissident, are among
10 individuals who will receive the 
U.S. National Medal of Freedom this year. 
The full list is available at
www.whitehouse.gov.

In Print
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The Republican Congress adjourned last week
without passing a 2007 budget for most federal
agencies, choosing instead to extend a tempo-
rary spending measure until 15 February. And
this week, the incoming Democratic leadership
announced plans to apply current spending
levels for the entire fiscal year, which ends
30 September, so that it can make a fresh start
on the 2008 budget. Those decisions will put
the squeeze on many research agencies and the
scientists funded by them. 

“There are no good options available to us
to complete the unfinished work of the Repub-
lican Congress,” declared Representative
David Obey (D–WI) and Senator Robert Byrd
(D–WV), incoming chairs of the appropria-

tions committees in the House and Senate, in
an 11 December statement. “After discussions
with our colleagues, we have decided to dis-
pose of the Republican budget leftovers by
passing a yearlong joint resolution. We will do
our best to make whatever limited adjustments
are possible … to address the nation’s most
important policy concerns.” 

The yearlong resolution, if adopted once the
new Congress convenes next month, would
limit agency spending
to the lowest of what
either the House or
Senate has already
approved or what the
agency received for

the 2006 fiscal year. The biggest scientific
loser would be the Administration’s proposed
American Competitiveness Initiative (ACI),
which calls for a 10-year doubling of research
at the Department of Energy’s (DOE’s) Office
of Science, the National Science Foundation
(NSF), and the in-house National Institute of
Standards and Technology labs.

But some agencies are already feeling the
effects of the delayed passage of their
2007 budgets. DOE’s Brookhaven National
Laboratory in New York, for example, may
have to cancel the next run of its Relativistic
Heavy Ion Collider if the lab doesn’t receive its
budget by 1 February. That’s because a delay
will push the next 20-week session into the
summer months, when the cost of electricity is
prohibitive. Some scientists in the Sea Grant
program funded by the National Oceanic and
Atmospheric Administration (NOAA) could
miss the boat, as delays in the scheduled
1 February awarding of some 50 grants could
prevent them from obtaining ship time or
hiring the next crop of graduate students.

Scientists Feel the Pain as 2007
Budget Outlook Grows Dark

U.S. RESEARCH SPENDING

15 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org

Power shortage. Brookhaven’s nuclear acceler-
ator may not be able to afford its next run.

High and dry? The
budget snafu could

delay NOAA’s plans to
outfit a research vessel
with a new robotic sub-
mersible like this one.

Congress Extends Tax Credits for Industry 
On its way out the door, Congress gave the U.S. business community a
parting gift for the holidays: $16 billion in tax credits for money it spends
on research and development. Legislators extended the current credit for
2 years and broadened the number of eligible firms.

First enacted in 1981, the R&D tax credits cover corporate invest-
ment in everything from drugs to automobile parts. Last year, U.S. com-
panies claimed $5.2 billion in credits. But companies couldn’t count 
on the tax break: It’s been extended 11 times and last expired on 
31 December 2005.

Businesses and, this year, the White House have long lobbied for a
permanent credit. But lobbyists say they are grateful for the extension,

which is retroactive to 2006. “At least we got out of it with the best result
we could,” says Washington, D.C.–based business lobbyist David Peyton.

Under the current rules, companies can claim a credit if research
spending rose over previous years as a ratio of revenue. The new bill sim-
ply provides a credit for any increase in R&D alone, a change that Monica
McGuire of the National Association of Manufacturers in Washington, D.C.,
hopes will double or triple the number of companies able to claim a credit,
which will “make the U.S. more competitive.”

The congressional move has its critics, however, including Citizens for
Tax Justice in Washington, D.C. The nonprofit says the system is already too
“open-ended” and “heavily abused” by corporations for expenditures
unrelated to innovation. 

–ELI KINTISCH
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And investigators with funding from the
National Institutes of Health have been told to
expect only 80% of what NIH initially commit-
ted for the next year of their multiyear grant.

“It was unfortunate that Congress couldn’t
get its work done,” says John Marburger, the
president’s science adviser. “It’s especially
disappointing that it left without an ACI
appropriation,” he adds, noting that spending
panels in the House and Senate separately
came close to matching the president’s
request. “At least they passed the tax package
[see sidebar, p. 1666], which was the most
expensive part of ACI, although we would
like to see it made permanent.”

Federal research officials say their watch-
word is caution as they await final word on their
2007 budgets. “We’re being very conservative
with pay lines and the size of awards,” says
Norka Ruiz Bravo, head of NIH’s external
research program. The Administration
requested no increase for NIH in 2007, and a
last-minute bump-up seems unlikely despite its
widespread support in Congress (see sidebar,
right). Whatever happens, NIH Director Elias
Zerhouni has three priorities: “Maintain our
ability to fund new investigators, support the
first competing renewal of first-time grantees,
and preserve the capacity of outstanding PIs
[principal investigators] who have no other sup-
port.” But he admits that there’s no magic for-
mula for achieving those goals within a steady-
state budget. “The pain is real,” he says.

NSF Director Arden Bement says that “the
results would be dire” if Congress sticks to a
yearlong spending resolution. The administra-
tion had requested an 8% boost, and Congress
seemed inclined to go along—the House
approved the full request, and a Senate spend-
ing panel came close. But without an increase,
he warned, mandatory pay raises for staff and
the rising cost of materials for new facilities
would require cuts in existing programs.

At some agencies, those cuts are already
being made. The 2007 NOAA budget passed
by the House is, at $3.4 billion, half a billion
dollars smaller than its 2006 budget. The
$380 million Office of Oceanic and Atmos-
pheric Research, for example, which handles
much of the agency’s extramural grants, will
likely need to delay the next round of Sea Grant
awards. Office chief Richard Spinrad says the
delay is especially hard on young investigators
with few grants from other agencies.

That’s also the case at DOE’s Jefferson

accelerator lab in Virginia, which is limping
along on a budget that was cut by 10% in 2006.
That puts a squeeze on planning for an
upgrade to its main machine, including exper-
iments at lower energies that are often the
lifeblood of young academic scientists vying

for tenure. Even if the cuts are eventually
restored, “it’s going to be hard to do all the
work necessary for the short-term experiments
and to prepare for the upgrade,” says nuclear
physicist Ronald Gilman. –JEFFREY MERVIS

With reporting by Eli Kintisch and Erik Stokstad.
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Congress Endorses Bigger NIH Budget, Director’s Fund 
The National Institutes of Health (NIH) received a big pat on
the back last week from the outgoing Republican Congress. In
the waning hours of its final session, the 109th Congress
approved legislation that authorizes higher budgets for NIH
and spells out how the agency should conduct its business.
Although the bill doesn’t actually provide any new money,
agency officials and the biomedical community hope that it
will help them make the case for a bigger NIH budget with the
new, Democrat-controlled Congress.

“We’ve been under a lot of scrutiny in the past few years,
about how we operate and what we did with the recent dou-
bling [of NIH’s budget],” says NIH Director Elias Zerhouni.
“So I see this as a reaffirmation of what we have been doing.”

The 3-year reauthorization calls for NIH to receive budget
increases of 6% and 8% in 2007 and 2008, respectively. It cre-
ates a common fund for novel ideas and trans-NIH projects—a
mechanism that is already up and running as part of Zerhouni’s
Roadmap Initiative—and calls for its share to grow to 5% of

NIH’s total funding as the overall budget rises. (NIH is staring at a possible flat budget in 2007 after
a cut last year.) The bill, which President George W. Bush is expected to sign shortly, also sets in motion
a review of NIH’s current structure of 27 institutes and centers, with a report to Congress in 18 months.  

Although federal agencies get their money from annual appropriations, authorization bills
give legislators a chance to address pressing problems as well as to fine-tune an agency’s pro-
grams. A big problem for NIH in recent years has been its bungled oversight of interactions
between intramural scientists and managers and industry, which led to several egregious exam-
ples of financial conflicts of interest (Science, 11 February 2005, p. 824). Legislators have also
been curious about how well NIH had spent a 5-year doubling of its budget that ended in 2003—
especially whether its administrative structure was up to snuff.

The bill (H.R. 6164) was a priority for Representative Joe Barton (R–TX), outgoing chair of the
House Energy and Commerce Committee, which held several contentious hearings on those top-
ics. Passed overwhelmingly by the House in September, the bill contained a 5%-a-year boost for
NIH and would have required the common fund to get half of any NIH increase. Voting last week,
the Senate removed the mandatory 50–50 split and upped the annual increases, changes that
Barton accepted reluctantly in return for setting a minimum size for the common fund, now
roughly 1.3% of NIH’s $28 billion budget.

Biomedical lobbyists say they much prefer the Senate version that prevailed. The House bill
would have restricted the ability of appropriators to target spending, notes Jon Retzlaff of the Feder-
ation of American Societies for Experimental Biology in Bethesda, Maryland. “If they wanted to add
$100 million for some research program, they would need to give NIH $200 million,” he says. In an
era of tight budgets, say Retzlaff and others, such a split would siphon off money needed to preserve
existing programs and awards to individual investigators. 

Zerhouni acknowledges that the reauthorization isn’t a substitute for a budget increase. But
he says it would be “cynical” to dismiss it entirely. “I’d rather have a bill that says we need more
dollars than no bill at all. It’s really a big vote of confidence for us.” –J. D. M.

Nervous glow
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Applauded. Elias Zerhouni calls
NIH reauthorization a “vote of
confidence.”
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With the discovery last year of a
great plume of water rising from
the south pole of Saturn’s icy
moon Enceladus, astrobiologists
had a new potential home for life
in the solar system. Liquid water
is the scarcest requirement for
life, and the plume’s striking
resemblance to the Old Faithful
geyser back on Earth seemed to
imply subsurface pools. But an
alternative explanation for the
Enceladus plume, proposed on
page 1764, would create the Old
Faithful look without a drop of
liquid water and therefore with
no possibility of life.

The concept of an Earth-like
geyser on Enceladus emerged
from early observations by the
Cassini spacecraft orbiting Saturn,
reported in the 10 March issue of
Science (p. 1422). Each second, about a bath-
tub’s worth of water in the form of water vapor
and tiny ice particles soared hundreds of kilo-
meters above the airless moon from a rela-
tively “warm” (145 kelvin) spot on the sur-
face. Cassini team members concluded in one
paper that liquid water as little as 7 meters

beneath the surface could be boiling as it
encountered lower pressures. That would gen-
erate vapor and frozen droplets that jet out
from crevices in the moon’s icy crust.

There was one snag, says Susan Kieffer, a
geological fluid dynamicist at the University
of Illinois, Urbana-Champaign, who has

studied the dynamics of Old Faithful. On
reading an accompanying Cassini paper,
Kieffer and her colleagues learned that the
spacecraft’s mass spectrometer had detected
considerable amounts of carbon dioxide,
methane, and nitrogen in the plume. That was
odd, they thought, because nothing like those
amounts of methane and nitrogen could pos-
sibly dissolve in the water. Although water
couldn’t hold the gases, water ice could, by
trapping individual gas molecules within the
“cages” of ice’s own crystal structure.

The existence of such clathrates on
Enceladus had been hypothesized 20 years
ago. Kieffer and her colleagues reasoned
that if clathrates lurked beneath a several-
kilometer-deep crust of water ice, and tec-
tonic activity created fractures in the crust,
the pressure release would drive explosive
decomposition of the clathrate. The
required gases would gush out, along with
ice particles that would sublimate enough
water vapor to reproduce the observed
plume composition. Their rough calcula-
tions support that scenario.

“It’s a noble and proper attempt to
account for the gases,” says planetary mete-
orologist Andrew Ingersoll of the California
Institute of Technology in Pasadena, a mem-
ber of the Cassini team. But “it’s not as sim-
ple as” uncorking some clathrates, he says.
There are many details in the physics, such
as how much water vapor ice particles could
yield, that he needs to understand before
taking back a potential habitat for life.

–RICHARD A. KERR

A Dry View of Enceladus Puts a
Damper on Chances for Life There

PLANETARY SCIENCE
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A dry gusher? The plume of Enceladus (color-coded here for density)
may be driven by gas-laden ice rather than boiling water.

Iranians Fume Over a Closed SESAME
A scientific project that hopes to be a calm-
ing influence in the Middle East has instead
increased tensions between two important
countries in the region. At issue is the fail-
ure of 35 Iranian scientists to obtain Egypt-
ian visas for a recent meeting in Alexandria
of researchers hoping to work on the Syn-
chrotron Light for Experimental Science
and Applications in the Middle East
(SESAME) project.

Eight countries are now members of a
consortium creating a home for a synchro-
tron, donated by Germany, at a site 32 kilo-
meters outside Amman, Jordan (Science,
26 November 2004, p. 1465). The machine,
a first for the region, is intended to serve
starting in 2010 as both a platform for
research and a model for peaceful coopera-
tion. Eight countries—Jordan, Bahrain,
Cyprus, Egypt, Israel, Pakistan, Palestine,

and Turkey—are already members, and the
Iranian parliament is expected to vote some-
time next year on a proposal to formally join
a project in which its scientists have partici-
pated since 2001. 

But that vote could be influenced by what
happened after the Iranians applied for visas
to attend the 5-day Alexandria meeting, held
the last week of November. The scientists
say they never heard from the Egyptian
embassy in Tehran after submitting their visa
applications at least 6 weeks beforehand. “If
this is not hostile treatment, I don’t know
what is,” says Reza Mansouri, a physicist at
Sharif University in Tehran and one of two
Iranian representatives on the SESAME
council. Iranian contingents have attended
four previous user meetings held elsewhere
in the region, but Mansouri fears that the lat-
est incident will bolster opposition in parlia-

ment to any collaboration.
Egyptian authorities deny snubbing the

delegation. The Iranian scientists simply
did not apply early enough, says Egypt’s
science minister, Hany Helal. “It is exactly
the same when an Egyptian submits a
request for a visa to [go to] the U.S. or a
European country,” says Helal. 

The council, which met in Jordan last week
(Mansouri stayed home in protest), seems
willing to give Egypt the benefit of the doubt.
“It appears that the Iranians were given incor-
rect advice by the Egyptian embassy,” says
Herman Winnick, a physicist at the Stanford
Linear Accelerator Center in Palo Alto, Cali-
fornia, who helped initiate the project a decade
ago and remains an adviser. “It’s extremely
unfortunate.” Winnick says he hopes the inci-
dent will not prevent Iran from becoming a
member country. –YUDHIJIT BHATTACHARJEE

INTERNATIONAL AFFAIRS
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French Vote With Their Euros
PARIS—In what is widely seen as a rebuke to
clergy members’ position on biomedical
ethics, French citizens had pledged more than
€101 million when this year’s edition of the
Téléthon closed on Sunday night, topping last
year’s record close. Some Roman Catholic
bishops had sharply criticized the Téléthon, a
fundraiser for genetic neuromuscular dis-
eases, for supporting stem cell research and
genetic studies that are at the basis of pre-
natal tests and preimplantation diagnostics
(Science, 8 December, p. 1525).

Independently, a parliamentary committee
unanimously adopted a report last week that
advocates loosening France’s 2004 bioethics
law, which includes restrictive rules for research
with human embryos. The report also says the
ban on so-called therapeutic cloning should be
lifted. The current law is slated for review in
2009, but the report recommends changing it
as early as next year. It also suggests a series of
ethical guidelines for egg donation.

–MARTIN ENSERINK

Greenpeace 1, Patenting Cells 0
BERLIN—German stem cell researchers fear
that medical innovation will suffer after a court
annulled the first German patent for a human
stem cell–related invention. Scientists are
allowed to use—but not create—human
embryonic stem (ES) cells in Germany for basic
research, but the court decided 5 December
that patents cannot be granted, citing moral
concerns. The court’s decision is the culmina-
tion of a 7-year legal battle between Univer-
sity of Bonn cell biologist Oliver Brüstle and
the German branch of Greenpeace, which
argues that it is immoral to use cells created
through the destruction of human embryos to
turn a profit. 

Brüstle was granted a German patent in
1999 for a method of converting ES cells into
nerve cells for potential applications in treat-
ing neurological trauma and disease. Green-
peace challenged that patent in court soon
after. The decision “will further weaken any
attempt to develop stem cell–based therapies
in Germany,” says Hans Schöler, a stem cell
biologist at the Max Planck Institute for Mole-
cular Biomedicine in Münster. “Which [for-
eign] industrial partner will be interested to
team up with someone who does not have a
patent?” Brüstle plans an appeal soon.

–JOHN BOHANNON

SCIENCESCOPE

When scientists at National Chung Hsing
University in Taichung, Taiwan, published a
microbiology paper in the 20 October issue
of Cell, local media hailed the event, noting
that it was the first report in the prestigious
journal by an all-Taiwan group. One news-
paper quoted the university president as saying
that the “findings will rewrite textbooks.”
That local pride, however, was premature:
After anonymous online sleuths raised ques-
tions about image manipulation in the paper,
a university investigating committee has rec-
ommended that Ban-Yang Chang, the corre-
sponding author, retract the paper.

In an e-mail to Science, Yu-Chan Chao,
dean of the College of Life Sciences at the
university, calls the episode an “unfortunate
case.” But Chao went on to say that Chang’s
team had provided “repeatable data suggest-
ing that their overall conclusions were cor-
rect and reproducible.” 

The Cell paper, which questioned pre-
vailing views of how transcription of a
gene’s DNA begins in bacteria, was chal-
lenged publicly on 16 November when an
anonymous posting appeared on an elec-

tronic bulletin board run by Chinese students
in the United States. The posting alleged that
starting with figure 2 of the paper, “several
dozen western lanes appeared to be copied
and pasted.” The board has been abuzz with
discussions about the study since then.
Another poster claimed to have used 
“difference blending,” a feature of the
image software Adobe Photoshop, to com-
pare the upper parts of lanes in the high-
resolution version of panel C of figure 2 of
the Cell paper and concluded that they were
almost identical. 

A subsequent reply on the board attrib-
uted to Chang denied any wrongdoing. And
in an e-mail to Science last week, before the
university investigation, Chang denied that
images in the paper had been manipulated
and stated that the “conclusion we made for
the Cell paper is true on the basis of our data.” 

The paper dealt with the role of a tran-
scription factor called sigma factor, a sub-
unit of the RNA polymerase (RNAP) com-
plex that transcribes DNA into messenger
RNA. Sigma factor “melts” double-
stranded DNA, separating the two strands to
provide access for the polymerase, but it
was thought to need the help of the core part
of the RNA polymerase complex to bind to
DNA. Chang’s team, however, claimed to
find that a truncated version of sigma factor
could bind and open up DNA, without help
from the core RNAP. A commentary in the
same issue of Cell noted that the study adds
“a twist to our current understanding of
transcription initiation.”

After Chang’s online rebuttal, bulletin-
board posters said they would contact
Michael Rossner, managing editor of the

Journal of Cell Biology and an
expert on detecting image manip-
ulation. Rossner confirmed to
Science by e-mail that he was
familiar with the case and “agree[s]
with the students that some of the
images are indeed questionable.”
Cell also received word of the alle-
gations and started an investiga-
tion, confirmed Emilie Marcus,
the journal’s executive editor. (As
Science went to press, Cell had not
published a retraction, and Chang
had not confirmed that he was
retracting the paper.)

Last Friday, Chung Hsing
University convened a commit-
tee, which consisted of two uni-

versity vice presidents, the dean of the Col-
lege of Life Sciences, and two top scientists
from outside the university, to investigate
the alleged manipulation. They advised
Chang to retract the paper, Chao wrote.
“The university will take this as a serious
lesson for ethics education at all the colleges
in the future,” he added.  

There may be more lessons to come. Bul-
letin-board posters have challenged figures
in another paper by Chang’s team that was
published online 16 October by the Journal
of Biological Chemistry. –HAO XIN

Online Sleuths Challenge Cell Paper
SCIENTIFIC MISCONDUCT

Paper suspect. Internet bulletin board posters discussed possible
image manipulation of figures in this Cell article.
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Seismologists can give residents of earth-
quake zones a few seconds’ warning of a
coming quake—enough time to shut down
nuclear reactors and slow high-speed
trains—by analyzing the f irst waves the
quake produces. But key information has
been missing. “We know in a few seconds

where an earthquake occurs, but we can-
not predict the magnitude,” says Paul
Rydelek of the National Research Institute
for Earth Science and Disaster Prevention
in Tsukuba, Japan. Now, Italian researchers
say the same waves can reveal how strong
the tremor will be, allowing a more appro-
priate disaster response. Some experts are
skeptical, but Marie-Paule Bouin of the
Institute for the Physics of the Globe in
Paris finds the data presented by the Ital-
ian team “convincing enough” to be
looked at seriously.

The first earthquake signals to arrive at
a seismic stat ion are the primary or
p-waves, which are compression waves
like sound in air. P-waves travel fast, about
6 kilometers per second, but they do not
carry the destructive force of the second-
ary or s-waves: shear waves that cause
the ground to oscillate. S-waves travel at
3.5 kilometers per second and, depending
on the distance to the epicenter, can arrive
several seconds later.

Early Earthquake Warning (EEW) sys-
tems work by spreading seismic detectors

over earthquake-prone regions and using
fast digital processing to give a few sec-
onds’ warning of a coming quake (Science,
24 December 2004, p. 2178). By combining
the signals received at several stations, an
EEW can estimate the position of the epi-
center, but judging the magnitude of the

quake is trickier. Seismologists can get a
rough estimate from the frequency of the
early p-waves. But Aldo Zollo and his col-
leagues at the University of Naples and the
National Institute of Geophysics and Vol-
canology in Rome think the amplitude, or
strength, of the p-wave can give a better
indication of the tremor’s destructive power.

The Italian researchers analyzed records
from seismic stations sited less than 50 kilo-
meters from the epicenters of 207 earth-
quakes that occurred between 1976 and
1999 in the Mediterranean area. The magni-
tudes of the quakes ranged from 4 to 7.4.
The team compared the peak amplitude of
the f irst 2 seconds of the p-waves to the
amplitude of the s-wave in their sample and
found that both quantities correlate closely
enough with the quake’s magnitude to be
useful in EEW systems.

To use that information to gauge the
magnitude of an impending quake, fore-
casters would need to know the distance to
the epicenter. In a real-life situation, that
information might not arrive in time, but
Zollo thinks future EEWs will be able to

supply it. “As the wavefront propagates in
the network, you measure the amplitudes
and compare the results of each station
with the quantities measured at the other
stations in the network,” he says. In this
way, the network will quickly zero in on the
location of the epicenter and the magnitude
of the event, in time to trigger alarms at
sites far ther away seconds before the
destructive s-waves arrive.

Predicting earthquakes is a notoriously
tricky business, and other researchers have
expressed some skepticism over Zollo’s
claims of better warnings. Because Zollo
and his team did not study quakes with a
magnitude greater than 7.5, their technique
may not apply to the most destructive
events, says François-Henri Cornet of the
Institute for the Physics of the Globe. “The
conditions of the propagation of seismic
wavefronts change at these magnitudes,” he
says. Earthquakes also don’t always develop
in a tidy, symmetrical way. “The seismic
wavefronts are often anisotropic, or are pro-
jected strongly in one direction, which can
introduce errors,” admits Zollo.

Errors aside, some researchers don’t
think it is possible to predict the magni-
tude of an earthquake, which depends on
the total rupture length, by looking at seis-
mic waves produced during its initial
moments. “Once an earthquake begins, it
will proceed essentially as a series of
dominoes being knocked over. Sometimes
the domino chain will stop, and at other
times it will continue to go for a long dis-
tance,” says William Ellsworth of the
U.S. Geological Survey in Menlo Park,
California. Whether the start of the chain
holds clues to its ultimate length “is still
an open question,” he says.

Zollo argues that the initial amplitude
peak of the p-wave does carry such clues.
“The probability that a fracture grows to a
larger size scales with the initial energy
available. The stopping mechanisms
become less efficient for earthquakes with
an initially high energy,” he says. Rydelek,
however, remains skeptical. “I would like
to see the physics that links these first sec-
onds to the rupture propagation over the
whole fracture,” he says. “You can have
twists and turns in the fault, and stress vari-
ability, and these really determine how big
the earthquake gets, not the initial slip.”

–ALEXANDER HELLEMANS
Alexander Hellemans is a writer in Paris, France.

Do Early Tremors Give Sneak Preview of Quake’s Power?
SEISMOLOGY

Hopes flattened. A rescuer passes a school destroyed by a 2002 quake in southern Italy. Early warning
systems hope to give several seconds’ alarm.
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Onward, Uncreatively Named
Telescopes
The European Southern Observatory (ESO) has
set its sights on building the largest telescope
in history: a 42-meter behemoth named the
European Extremely Large Telescope (E-ELT).
This week, the ESO Council gave the green
light for a €57 million final design study, due
to be completed in 3 years. The €800 million
instrument could be ready in 2017. The E-ELT,
which sports five large mirrors, will be sited in
2008; potential homes include Chile and
Tibet. Meanwhile, U.S. astronomers are
embarking on a smaller Thirty Meter Tele-
scope (TMT), due to be completed in 2016.
“I look forward to close cooperation with
them,” says TMT manager Gary Sanders.

–GOVERT SCHILLING

A Shot in the Arm for Biodefense
Congress has voted to create a new agency
within the U.S. Department of Health and
Human Services that will spend $1 billion over
the next 2 years to speed private development
of vaccines for bioterror and disease. Two years
in the making, the nascent Biomedical
Advanced Research and Development Agency
has been criticized for its secrecy provisions
and the possibility that funding it would sap
existing research budgets (Science, 4 Novem-
ber 2005, p. 755). But research organizations
did not actively oppose the measure, which
passed this week with more robust information-
sharing requirements. White House approval is
expected soon. –ELI KINTISCH

Getting the Lead Out
The U.S. Environmental Protection Agency
(EPA) has asked an advisory panel to chew on
an idea that is already giving some environ-
mentalists heartburn. Last week, EPA
announced that it is considering removing a
standard requiring that levels of airborne lead
not exceed 1.5 μg/m3. EPA has not revised this
standard since 1978, even though it is required
to do so every 5 years, and the lead battery
industry wants the standard to be dropped. In
2004, lawyers representing residents near a
Missouri smelter sued EPA for not revising the
standard. The agency lost the court battle last
year and now faces a 2008 deadline for updat-
ing the standard. In a draft document released
last week, EPA said the dramatic decline in lead
pollution from reducing the lead in gasoline,
plus other regulatory actions, might mean that
no standard is needed. EPA’s Clean Air Scien-
tific Advisory Committee is scheduled to vet the
proposal in February. –ERIK STOKSTAD

SCIENCESCOPE

PARIS—The 200 or so planets discovered to
date around other stars are all big balls of gas
similar to Jupiter or Saturn. Earth-bound tel-
escopes aren’t sensitive enough to detect
small, rocky planets like Earth that could
harbor life. But all that should change at the
end of this month when COROT, a space
observatory built by France, is lofted into
orbit. COROT will survey large areas of the
sky, monitoring thousands of stars at a time
for tiny telltale dips in brightness that reveal
a planet passing in front of its star. “COROT
will tell us about rocky planets in the very
inner orbits. [It] will tell us that they exist.
We are really looking forward to seeing its
data,” says William Borucki of NASA Ames
Research Center at Moffett Field, California.

COROT, to be placed in a polar orbit by a
Soyuz launcher, cost $46 million to build
and is equipped with a 30-centimeter tele-
scope and four charge-coupled device
(CCD) array detectors. Two of the
arrays are optimized to detect the tiny
brightness changes of a transiting planet.
Whereas Earth-based telescopes can meas-
ure changes in a star’s luminosity of about
1%, good enough for them to detect Jupiter-
size planets, COROT’s detectors will be sen-
sitive to changes of 0.01%. “Because of the
absence of [Earth’s] turbulent atmosphere,
we can obtain a much higher photometric
precision,” says Pierre Barge of the Astro-
physics Laboratory of Marseille and leader
of the COROT exoplanet working group.
When looking at very small stars, COROT
will be able to pick out the dimming of
starlight by an Earth-sized planet, Barge
says. “Around stars like our sun, COROT
will be able to detect planets twice the size of
the Earth.”

COROT will start out focusing on the
galactic center, which is rich in stars, and
will switch to point in the opposite direction
before the sun comes into the telescope’s
field of view after a year of observation.
Researchers will monitor about 60,000 stars,
Barge says, and they hope to discover a few
hundred warm, Jupiter-like planets and
between 5 and 50 rocky ones.

COROT’s other two CCD arrays have a
faster sampling rate and are designed to spot
seismic oscillations in stars. Many stars, our
sun included, experience vibrations, which
reveal themselves as tiny fluctuations in the
luminosity of the star. “We use similar obser-
vation techniques to the one for looking for
planets,” says Annie Baglin of the Observa-

tory of Paris at Meudon, COROT’s principal
investigator. Stellar oscillations, which can
each last from a few seconds to several
hours, are now an important tool in stellar
research. “From the oscillation frequencies
of a star, we can learn about its geometry, its
mass, and its internal structure,” says
Meudon’s Eric Michel, head of the COROT
seismology group.

Although other orbiting observatories
have studied stellar vibrations, COROT
hopes to get better results with its larger tele-
scope and with a novel method using the
telescope’s CCD arrays to keep the tele-
scope steady. When making observations,
researchers ensure that there are several
bright stars with precisely known positions

always in the telescope’s f ield of view.
“These stars become the anchors on which
we hook the satellite,” says Baglin.

COROT will set the scene for the next
space observatory that will look for rocky
planets: NASA’s Kepler mission, due to be
launched in November 2008. It will be
equipped with a 1-meter telescope and will
observe the same area of sky unblinkingly for
up to 6 years so that it can detect longer-period
rocky planets farther from their stars, where
conditions for life are better. “We will look at
100,000 stars like the sun, so we expect to find
dozens of Earths in the inhabitable zone,” says
Borucki, Kepler’s principal investigator.

–ALEXANDER HELLEMANS
Alexander Hellemans is a writer in Paris, France.

ASTRONOMY

Unblinking eye. COROT will look for planets 
passing in front of stars.

France to Launch First Exoplanet Hunter
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NEWS OF THE WEEK

The adage that milk does a body good may be
true for American celebrities wearing milk
mustaches in ad campaigns: Many Americans
and northern Europeans descend from cattle
herders and carry an ancient mutation that
allows them to tolerate milk at any age. But
milk gives cramps and diarrhea to roughly half
the world’s adults, especially in Asia and West
Africa. That’s why lactose tolerance has been
held up as a classic example of human evolu-
tion, in which some people inherited the trait to
digest milk, and some didn’t. 

Now, an international team reports a
revealing twist on this evolutionary story. In
this week’s issue of Nature Genetics,
researchers describe three new genetic vari-
ants that arose independently in groups of
Africans; each variant allows carriers to drink
milk and eat dairy products as adults. The
study shows that lactose tolerance evolved
more than once in response to culture, says
team leader Sarah Tishkoff of the University
of Maryland, College Park.

It’s also an elegant example of how evolu-
tion can find several solutions to the same
problem, especially in the face of strong selec-
tion, says molecular anthropologist Kenneth
Weiss of Pennsylvania State University in State
College. “There is not just one way to tolerate
milk but several ways,” he says. “It’s very nice
work because it shows that evolution isn’t just
about picking one gene and driving it.”

The textbook tale of lactose tolerance
runs this way: All humans digest mother’s
milk as infants. But for most of human his-
tory, weaned children didn’t drink milk. So
they shut down the enzyme lactase, which
breaks lactose into sugars. With the domes-
tication of cattle 9000 years ago, it became
advantageous to digest milk, and lactose tol-
erance evolved in people who raised cattle. 

In 2002, researchers identified a genetic
mutation that regulates the expression of
lactase and allows Finns and other northern
Europeans to drink milk as adults. But
researchers were surprised that the mutation
appeared at lower frequency in southern
Europe and the Middle East, and it was
missing in most African pastoralists.

Tishkoff organized a team to collect blood
samples from 470 Tanzanians, Kenyans, and
Sudanese from 43 ethnic groups. Her team
sequenced the DNA of 110 individuals who
also were tested for milk tolerance.

They found three new mutations in the
same stretch of DNA as the European vari-
ant. The mutations turned up in varying
frequencies in the Maasai and other Nilo-
Saharan populations in Tanzania and
Kenya, in Afro-Asiatic–speaking Kenyans,
and in the Beja from Sudan; some people
had all three mutations. People with any of
the variants had higher blood sugar levels
after drinking milk, a sign that lactose was
being digested. 

The researchers also found that the most
common variant arose as recently as 3000 to
7000 years ago and spread rapidly. “This is
extremely significant because it shows the
speed with which a genetic mutation can be
selected,” says zooarchaeologist Diane
Gifford-Gonzalez of the University of Cali-
fornia, Santa Cruz. Indeed, the data suggest
that humans who could digest milk had a huge
reproductive advantage. “This is the strongest
signature of recent positive selection yet
observed,” says Tishkoff. 

The new data may also help explain why
people tolerate milk to varying degrees. The
ability to drink milk is “not a qualitative trait
that you have or you don’t,” says Weiss.
Tishkoff thinks there are yet more variants,
and her team is seeking them. 

–ANN GIBBONS

There’s More Than One Way to Have
Your Milk and Drink It, Too

HUMAN EVOLUTION

EPA Draws Fire Over Air-Review Revisions
In a controversial move, the U.S. Environ-
mental Protection Agency (EPA) has
changed the way it reviews its health stan-
dards for six of the most widespread and
dangerous air pollutants. Agency officials
say the decision, announced last week, is
designed to speed the notoriously slow
process of revising these standards. But

critics charge that the real intent is to give
political appointees more control—an
allegation that a powerful senator has
vowed to investigate. 

EPA’s National Ambient Air Quality
Standards (NAAQS) have enormous conse-
quences, influencing the regulation of vehi-
cles, industry, and agriculture in many ways.

Under the Clean Air Act, the
standards must be based on sci-
entific evidence to protect human
health and the environment,
without regard to cost. The pollu-
tants—including ozone, lead,
and soot—must be reviewed
every 5 years. 

Many observers believe the
new review process has its roots in
a political contretemps from a
year ago, when Administrator
Stephen Johnson ignored recom-
mendations from staff scientists
and the Clean Air Scientific Advi-
sory Committee (CASAC) that
a soot standard be tightened
(Science, 6 January, p. 27). “It

REGULATORY POLICY

Dairy queen. Some members of the Pokot people of
Kenya carry three distinct mutations that allow
adults to digest milk. 

Fast lane. EPA says it wants to update air-quality standards more
quickly, but critics see a political smokescreen.

▲

Zinio
page=1672

http://www.sciencemag.org


was a PR f iasco for the Administration,”
claims Frank O’Donnell of the nonprofit
Clean Air Watch in Washington, D.C., who
thinks the Administration’s goal with this revi-
sion is to prevent agency scientists from ever
again making politically unpalatable recom-
mendations. Just a week before the embar-
rassing episode, he notes, Johnson’s deputy
had asked for a “top-to-bottom review” of
how EPA reviews the air standards. 

Everyone agrees that the process is slow
and cumbersome. EPA often misses the
5-year deadline, is sued by environmental-
ists, and ends up releasing incomplete or
inadequate analyses. According to the new
plan, a massive science review will be
replaced with a slimmed-down “integrated
science assessment,” which could be fin-
ished and reviewed more quickly. In general,
this is seen as a good move. 

Other major changes are less welcome.
High-level policymakers will now be
involved early on to help identify “policy-
relevant science issues,” such as which
dose-response model to use for turning
observational data into an air standard. The
current chair of CASAC—Rogene Hender-
son of the Lovelace Respiratory Research
Institute in Albuquerque, New Mexico—
thinks the purpose is to let upper-level man-
agement guide the analyses in ways that
would make the recommended standards
acceptable to the EPA administrator. In an
earlier interview, George Gray, EPA’s chief
scientist, who helped design the new
process, denied that the intent was political.
“This is about efficiency,” he said. 

In another change, CASAC will no
longer review early drafts of policy assess-
ments; it will see them only after they’re
released for public comment as proposed
rules—along with industry and other
groups. “This is a huge step backward,” says
Philip Johnson of NESCAUM, a nonprofit
association of air-quality agencies in
Boston. He sees the changes as marginaliz-
ing CASAC and making it easier for the
administrator to ignore its advice. But Hen-
derson is more sanguine. “This won’t inter-
fere with duties of CASAC to be an honest
broker of the science,” she says.

U.S. Senator Barbara Boxer (D–CA), the
new chair of the Senate Committee on Envi-
ronment and Public Works, called the new air
review process “a dangerous turn” and
pledged to make it “a top priority for over-
sight in the 110th Congress.” The changes
will apply immediately to the review of the
ozone standard, for which a proposed deci-
sion is due in March, and the lead review,
which is just beginning. –ERIK STOKSTAD
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At least nobody slammed the door shut. That’s
the good news, participants say, after a 3-week
international conference to review the interna-
tional treaty banning biological weapons. The
meeting ended in Geneva, Switzerland, on
Friday with a low-key consensus statement:
The participants basically agreed to keep talk-
ing. But outside observers say the meeting
failed in its real ambition: to beef up the
34-year-old Biological and Toxin Weapons
Convention (BTWC). A protocol to start veri-
fying compliance, which the United States
firmly rejected 5 years ago, wasn’t even on the
table. And conflicts about technology transfer
hampered progress on other fronts.

The BTWC, a treaty that bans develop-
ment, production, and stockpiling of biologi-
cal weapons, has always been a work in
progress. Just four pages long, it provides no
mechanisms to monitor compliance or investi-
gate countries suspected of cheating. At
so-called Review Conferences, held every
5 years, member states have long discussed
ways to strengthen the convention. The need to
do so became painfully clear in the early
1990s, when defectors revealed a vast Soviet
program to weaponize smallpox and anthrax.

But negotiations launched in 1995 to create
a verification protocol for the BTWC col-
lapsed in 2001, in part because the United
States feared that allowing international
experts to inspect biotech facilities might give
away defense or industry secrets (Science,
20 July 2001, p. 414). In the resulting disarray,
the Fifth Review Conference in 2001 failed to
agree on a final declaration.

Since then, countries have searched for
other ways to strengthen the convention. They

held three intersessional meetings about
issues such as disease surveillance and codes
of conduct for scientists. And they have
floated a number of new ideas for shoring up
the convention at the Sixth Review Confer-
ence. By Friday, however, it had become clear
that few plans to strengthen the treaty had
made it to the finish line. One obstacle was an
action plan, introduced by Iran and adopted
by the countries of the Non-Aligned Move-
ment to reinforce an article of the BTWC
that promotes the transfer of technology for
peaceful purposes.

Such stipulations give developing coun-
tr ies  an incent ive to  participate, says

Jonathan Tucker, a
Fulbright Scholar
at the German Insti-
tute for International
and Security Affairs
in Berlin. But devel-
oping countries over-
reached, says Fin-
nish delegate Kari
Kahiluoto, who spoke
on behalf of the Euro-
pean Union, by de-
manding support for
public health pro-
grams, vaccines, and
drugs—issues that
don’t belong in an
arms-control deal, he
says. The United

States also balked at the prospect that easing
export controls on dual-use biotechnology
equipment could increase biological
weapons proliferation, adds Tucker. Iran and
others in turn shot down a U.S.–backed plan
to ensure that countries enshrine the treaty
in national laws and regulations.

The intersessional meetings will con-
tinue until the next Review Conference in
2011, and the list of topics has been
expanded slightly. There’s a plan to recruit
more countries to the convention. And mem-
bers will finance a new three-person support
team in Geneva. But these are “very mod-
est” improvements, says Alan Pearson of the
Center for Arms Control and Non-Proliferation
in Washington, D.C. Indeed, says Tucker, “It
shows how dysfunctional this process has
become that we’re excited about such small
steps.” But in negotiations like these,
Kahiluoto says, “you can’t even take a mod-
est outcome for granted.” 

–MARTIN ENSERINK

Little Progress at Bioweapons Talks
ARMS CONTROL

Marathon. The 3-week session on weapons control heard from U.N. Secretary-
General Kofi Annan and conference president Masood Khan of Pakistan (center).
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WHEN RESEARCHERS FROM YALE 
university reported last year that they’d used
a laser to activate neurons in fruit flies and in
turn control the insects’ behavior, even Jay
Leno thought it was cool. In a skit, the
Tonight Show host pretended to use a
remote-controlled fly to harass President
George W. Bush during a speech. “I thought
it was actually quite funny,” says Gero
Miesenböck, the neuroscientist who led the
study. A video clip of Leno’s skit elicited
chuckles when Miesenböck played it during
a presentation at October’s meeting of the
Society for Neuroscience in Atlanta, Georgia. 

But the neuroscientists who packed the
crowded lecture hall hadn’t come for
laughs. Miesenböck’s talk was part of a
symposium on “optogenetics,” an emerging
field that combines tools from optics and
genetics to visualize and stimulate the
nervous system. Several of the new meth-
ods, such as the one Miesenböck developed
for the fly experiments, use genetic manip-
ulations to confer light sensitivity on spe-
cific groups of neurons, making it possible
to control their activity with pulses of light.
Many neuroscientists say such stimulation

methods represent powerful new tools for
investigating neural circuits. “I think it’s
really exciting,” says Liqun Luo, a neuro-
biologist at Stanford University in Palo
Alto, California, who attended the sympo-
sium. “It’s at the cutting edge.”

Currently, several new photostimulation
methods are in various stages of develop-
ment, and scientists are just beginning to
use them to address questions about brain
function. But down the road—way down
the road—some researchers envision excit-
ing clinical applications. One idea is to
replace the metal electrodes used for deep-
brain stimulation in patients with Parkin-
son’s disease and other disorders with

f iber-optic probes that carry light deep
inside the brain to boost the activity of only
those neurons that need it. 

Lighting up
Using light to manipulate the nervous system
is not a new idea. In the past 20 years,
researchers have done many experiments
with neurotransmitters bound to molecules
that change shape in response to light. Such
“caged” neurotransmitters are inactive, but a
pulse of laser light sets them free to activate
their usual receptors. Glutamate, the brain’s
chief excitatory neurotransmitter, has
become a particularly popular tool in caging
experiments. Glutamate uncaged with lasers
can stimulate synapses with precise temporal
and spatial control; a team from Princeton
University reported last year in Nature
Methods that they had done this at up to
20,000 different locations in an excised slice
of brain tissue. There are drawbacks, how-
ever. Because almost all neurons respond to
glutamate, it’s virtually impossible to target
only neurons of a particular type. And the
precise spatial control requires a stationary
target—a nonstarter for researchers who
want to study behavior in intact animals.

Miesenböck’s fly experiments circum-
vent these problems. Together with graduate
student Susana Lima, Miesenböck inserted a
rat gene that encodes an ion channel into
flies. Fly neurons normally don’t make this
cell membrane portal, which opens in
response to ATP, the energy-storage mole-
cule involved in cell metabolism. Using stan-
dard genetic engineering tools, Lima and
Miesenböck created several fly strains that

Emerging methods that combine genetics and optics have 
neuroscientists glowing about the possibilities

Shining New Light on
Neural Circuits

“All you have to do is express
this one protein, and
now you can control the
activity of the neurons
with light.”

—Edward Callaway,
Salk Institute for Biological Studies
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expressed the ATP-gated channel only in spe-
cific classes of neurons. Then they injected
caged ATP into the flies. When liberated by a
flash of light, the ATP opened the channels in
the modified neurons and allowed sodium
and calcium ions to rush in, thereby prompt-
ing the neurons to fire a burst of electrical
impulses. Because only neurons made to
express the channel could respond to light,
precise aim wasn’t necessary; a fly-sized
spotlight did the trick.

In one strain of fruit flies, Lima and
Miesenböck put the ATP-gated channel in just
two neurons out of the roughly 100,000 in the
fly’s nervous system, the so-called giant fiber
neurons that control the fly’s escape reflex. A
brief flash of light made these insects jump
and frantically flap their wings. In another
strain, the researchers restricted the channel to
neurons that make the neurotransmitter
dopamine. Stimulating these neurons with
light made the flies more active and increased
the time they spent exploring their enclosure,
Lima and Miesenböck reported in the 8 April
2005 issue of Cell; it was this study that
inspired Leno’s skit.

These fly findings are consistent with the
idea, suggested by many earlier studies, that
dopamine helps animals predict rewards and
punishments, Miesenböck says. One possibil-
ity, he explains, is that activating dopaminergic
neurons increases exploratory behavior
because flies interpret the dopamine burst as a
signal that something good—or bad—is
nearby. His team is now working on ways to
target the ATP-gated channel to different sub-
sets of the fly’s 150 or so dopaminergic neu-
rons so that their roles in exploratory and other
types of behaviors can be investigated.

Ball and chain
Richard Kramer of the University of Califor-
nia (UC), Berkeley, has been investigating
ways to make neurons sensitive to light by
modifying other ion channels. In 2004,
Kramer, neuroscientist Ehud
Isacoff, and chemist Dirk Trauner,
both also at UC Berkeley, described
modified potassium channels that
open and close when exposed to
different wavelengths of light.
Their approach makes use of an
unusual feature of a molecule
called azobenzene. In visible
light, an azobenzene molecule is
relatively straight and measures
about 17 angstroms from end to

end. When illuminated by
ultraviolet light (UV), how-
ever, it folds in the middle,
shortening the distance
between the two ends to
about 10 angstroms.

To take advantage of this
shape change, Kramer and col-
leagues incorporated azobenzene
into a molecular ball and
chain that attaches to the
extracellular side of a
common variety of
potassium channel.
First, they tweaked the
potassium channel gene
to create a favorable bind-
ing site and expressed the
altered channels in transgenic
mice. Then they bathed slices of
brain tissue from these mice in a
solution containing the ball and
chain, which has three compo-
nents. The ball is a quaternary
ammonium ion that can f it
snugly into the channel’s pore
and prevent the flow of potas-
sium ions. Next comes an
azobenzene molecule and then a
compound called maleimide that
links the azobenzene to the potassium
channel. When azobenzene is in its long state,
the chain is just long enough to allow the
ammonium ball to plug the pore. But when a
pulse of UV light converts azobenzene to its
shorter, bent configuration, the ammonium
plug is pulled from the pore and potassium can
flow freely into the neurons. 

Opening potassium channels typically
inhibits neural firing, so in the 2004 work,
UV light acted something like an off switch on
neurons equipped with the azobenzene-
modified channels. Kramer and company
recently created a light-controlled on switch for
neurons by further tweaking the potassium
channel gene so that the protein admits sodium
ions as well. When these modified channels are
lit up with UV light, sodium rushes into neurons
and excites them, the researchers reported in the

November 2006 issue of the
Journal of Neurophysiology.

The UC Berkeley group
has also added an azobenzene
photoswitch to glutamate

receptors, ubiquitous ion chan-
nels in neurons that normally

open in response to glutamate.

They described the receptors in
the January 2006 issue of Nature

Chemical Biology. Kramer, Isacoff,
and Trauner will be part of a newly

announced center for studying the optical
control of biological function. Funded

by the National Institutes of Health
and run jointly by UC Berkeley

and Lawrence Berkeley
National Laboratory, the
center is part of NIH’s nano-
medicine initiative.

Help from algae
Across San Francisco Bay, Karl

Deisseroth and colleagues at
Stanford have developed yet another

optogenetics approach, based on a light-
sensitive ion channel found in a unicellular
green alga. Called channelrhodopsin-2
(ChR2), the channel opens in response to
light, allowing positively charged ions to
pass through its pore. The photosynthetic
algae use ChR2 to orient to light. Expressing
the gene for ChR2 in neurons makes them
fire when exposed to light, Deisseroth and
colleagues first reported in the September
2005 issue of Nature Neuroscience.

With this approach, there’s no need for
extra steps such as adding caged ATP or
azobenzene to neurons. “It’s a very simple
system because all you have to do is express
this one protein, and now you can control the
activity of the neurons with light,” says
Edward Callaway, a neuroscientist at the Salk

Institute for Biological Studies in
San Diego, California. And unlike
the ATP-gated channels and the
azobenzene photoswitch, the
ChR2 system can trigger neural
f iring within just a few milli-
seconds of being hit by a laser
beam. That makes it possible to
deliver light pulses that drive the
neurons in precisely controlled
patterns that mimic the normal
chatter of neural activity, explains

www.sciencemag.org SCIENCE VOL 314 15 DECEMBER 2006 1675

Precision firing. A hippocampal neuron (green)
loaded with ChR2 channels fires in response to
flashes of light (yellow dots).

Open or shut. Ultraviolet light removes a quaternary ammonium (QA) plug to
open a light-sensitive potassium channel.

Enlightening. In a fly with light-sensitive
neurons (top), a flash of light (middle)

triggers an escape response, flapping
wings (bottom).
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Gary Westbrook, a neuroscientist at Oregon
Health & Science University in Portland. “I
think the biggest advantage of channel-
rhodopsin is the ability to stimulate with such
high time resolution,” he says. 

Westbrook’s lab intends to express ChR2
in newborn neurons in the mouse hippocam-
pus to study how these cells communicate
with mature neurons as they integrate
themselves into preexisting neural circuits
(Science, 17 February, p. 938). “We don’t
know anything about the output of that
population of cells,” Westbrook says.

Other labs are also using the ChR2 system.
At the recent neuroscience meeting, Guoping
Feng of Duke University in Durham, North
Carolina, presented preliminary work he’s
done in collaboration with Deisseroth and
George Augustine at Duke. Feng and col-
leagues have created two strains of transgenic
mice, one that expresses ChR2 in the output
cells in a specific layer of the cerebral cortex
and another that expresses the light-sensitive
channel in mitral cells in the olfactory bulb.
These efforts have convinced Feng that the
method “works really well in vivo.” Ultimately,
he hopes to use the ChR2 system to investigate
neural circuits involved in addiction and com-
pulsive behavior. “Many neurological diseases

are diseases of specific subtypes of neurons,”
he says. “This will give us a way to target spe-
cific neurons to understand their function in
the circuitry of the brain.” 

At the neuroscience meeting, Deisseroth
presented preliminary work that further
illustrates the potential. He used a virus to
put ChR2 into neurons in a slice of mouse
hippocampus, genetically tagged the same
neurons with a fluorescent dye so that they
were visible under a microscope, and used a
fluorescent indicator of calcium flux to mon-

itor their activity. The ability to simultane-
ously see, stimulate, and record the activity of
neurons with light is a powerful combination
for investigating the connectivity of neural
circuits, he and others say.

Clinical vision?
The new optogenetics techniques should pro-
vide more sophisticated options for exploring
the neural underpinnings of behavior,
Miesenböck says. Although neuroscientists
have long used metal electrodes to manipulate
neural activity, it’s nearly impossible to use
electrodes to stimulate a distributed popula-
tion of neurons simultaneously, he explains.
“The dopamine experiment in the fly would
have been impossible with electrodes because
you have about 150 cells arranged in different
clusters,” Miesenböck says. 

Not that there are no obstacles. The main
one at present, several researchers say, is the
ability to deliver the required genes to specific
classes of neurons. “All these methods rely on
the ability to direct gene expression to a par-
ticular cell type,” says Callaway. “I think 5 or
10 years ago, we all thought that was going to
be really easy, but it hasn’t proven so easy to
do.” Another hurdle is getting light to deep-
lying parts of the nervous system; so far, the

techniques have only been used in slices of
brain tissue and areas close to the surface of
the brain in live animals.

This last obstacle may not be insurmount-
able, however. Deisseroth’s lab has been exper-
imenting with using flexible optical fibers to
stimulate ChR2-bearing neurons deep in the
brains of awake, behaving mice. Off-the-shelf
fiber optics are sufficient for stimulation
alone, Deisseroth says, but more elaborate
experiments that combine stimulation with
recording and imaging—such as the ones he

described in brain slices—may also be possi-
ble in live animals before long. And at the
neuroscience meeting, Stanford applied physi-
cist Mark Schnitzer showed off a micro-
endoscope small enough to fit on the head of a
freely moving mouse. The thumbnail-sized
device weighs less than 4 grams, and its fiber-
optic probes can reach any structure in the
mouse brain. So far, Schnitzer’s group has
been using the device for imaging cells labeled
with fluorescent dyes, but he says there’s no
reason it couldn’t also be used to stimulate
light-sensitive neurons.

Far in the future, it’s conceivable that fiber-
optic light stimulation could replace deep
brain stimulation via electrodes, a method cur-
rently under investigation for Parkinson’s dis-
ease, depression, epilepsy, and other disorders.
“An electrode stimulates all the cell types” that
happen to be near its tip, Deisseroth says. “It’s
generally understood that that will contribute
to side effects and reduce the efficacy.” A bet-
ter solution, he says, would be to target the
stimulation to certain classes of cells. But
Deisseroth cautions that “a lot of things have to
fall into place for this to happen,” not the least
of which is resolving the serious safety con-
cerns about gene therapy in humans. 

Another potential clinical application is
restoring sight in people with retinal degener-
ation. In the 6 April 2006 issue of Neuron,
researchers led by a team at Wayne State Uni-
versity in Detroit, Michigan, reported encour-
aging results from an experiment in which
they used a virus to deliver the ChR2 gene to
retinal ganglion cells in mice whose retinas
lack photoreceptor cells. Retinal ganglion
cells are normally insensitive to light. But
adding ChR2 made them respond to light and
made the animals’ visual cortices responsive
to visual stimuli. (Kramer’s team has been
experimenting with ways to add a photo-
switch to these cell’s natural ion channels by
chemical means alone rather than introducing
foreign genes.) 

There’s no reason the future clinical appli-
cations of photostimulation methods would
have to be limited to the nervous system,
Kramer adds. He can imagine doctors one
day using fiber-optic probes to examine the
heart and other organs—using light to perturb
a few specific cells that had been temporarily
made light-sensitive by genetic or other
means and recording a physiological
response. Kramer is quick to add that any
such clinical payoffs are a long way off: “It’s
so far out there who knows if it will ever
happen,” he says. But when it comes to basic
neuroscience research, he and others are con-
fident that the new optogenetics methods
have a bright future. –GREG MILLER

Let there be light. An optical fiber
delivers light to stimulate photosensitive

neurons deep in a mouse’s brain. 
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MOSCOW—If anyone ever wanted
proof that intellectual capacity is
not limited by physical space, it can
be found in the office of Vitaly L.
Ginzburg, the Nobel laureate. The
room is long and narrow—smaller
than the wardrobe closet of a New
Russian. It is so narrow, in fact, that
plaster has been knocked out of a
wall in two places by the desk chair,
which cannot be pushed back far
enough to sit down or get up com-
fortably. And Ginzburg, who cele-
brated his 90th birthday in October,
is a tall man.

Creature comforts have always
been an extravagance at the P. N.
Lebedev Physical Institute of the
Russian Academy of Sciences,
where Ginzburg carried out much
of his prizewinning theoretical
studies of superconductivity. For-
mulas still are worked out for all to
see on a wide green chalkboard
that hangs in a central corridor.

These days, Ginzburg’s office
is unused. Yellow Post-it notes
hang, dusty, from cabinet doors.
Cracks in the windows are cov-
ered with packing tape. Debris
from the ceiling is scattered over
stacks of papers and books on the windowsill.
A calendar says 2003—the year Ginzburg
was awarded the Nobel Prize in physics with
two others, Alexei A. Abrikosov and Anthony
J. Leggett, for their contributions concerning
two phenomena in quantum physics: super-
conductivity and superfluidity. In the 1950s,
Ginzburg helped develop a theory on the
behavior of superconductors—metals, alloys,
ceramic compounds—in a magnetic field,
laying the groundwork for further studies on
so-called Type 2 superconductors, which pass
electricity without resistance at higher, more
practical temperatures. They are used, for
example, in magnetic resonance imagining
and particle acceleration. Not long after
receiving the prize, Ginzburg was diagnosed
with Waldenstrom macroglobulinemia, an
extremely rare cancer of the blood that is
treatable but incurable. He lived and worked
for nearly 2 years in a hospital bed.

Late last summer, he was told that he had
recovered enough to go home. “If my secre-
tary tries to say that I’m doing well, don’t
believe her,” says Ginzburg, a good-humored
man who, nevertheless, characterizes him-
self as “rather grave.” 

Ginzburg sleeps and works in his airy
study in a spacious Moscow apartment that is
teeming with houseplants. The time he once
spent undergoing treatment he now spends
writing in light-blue flannel pajamas at a
large wooden desk, above which hang two
photographs: one of his wife, Nina, and the
other of the two of them out on the town. He
calls the office regularly. “He doesn’t want to
lose contact with the outside world,” says his
secretary, Svetlana Volkova, who types the
essays and letters that he writes, longhand, at
all hours. The words are often scrawled in
pencil in large letters, because he has yet to
learn how to use a computer. He delights in

the freedom enjoyed by theoretical physi-
cists; he says they “possess a singular possi-
bility to engage in a very wide spectrum of
problems, since it is easy to move from one to
the other on paper.”

Ginzburg is concerned with the worsening
state of democracy in Russia, the creeping
influence of religion in education, and the
effects of what he calls “pseudosciences,”
such as astrology. He is also concerned with
euthanasia; he thinks the terminally ill should
be allowed to die if they choose. He tries to
keep up with research in physics, particularly
superconductivity at warmer temperatures. “I
also think a lot about my own fate,” he says. “I
am grateful that they succeeded in giving me
the prize before I died.” 

Ginzburg focuses much of his energy
commenting on the future of the Russian
Academy of Sciences, the 282-year-old insti-
tution that, in exchange for government
pledges to spend more money on salaries
and laboratory equipment, recently ceded
much of its autonomy to the state (Science,
10 November, p. 917). He may be the most
prominent of a group of critics who claim that
the Kremlin has been empowered to sell off
the academy’s assets—an “idiotic” plan, he
thinks. “Undoubtedly, science in Russia has
fallen behind. Essentially, some 20 years have
been lost,” he says. “We cannot catch up to
America, or even England. But, overall, it is
possible to do good work here. A large num-
ber of highly qualified people remain.” The
government should increase financing for the
sciences, he says, but without favoring
applied over fundamental research, or con-
verting the institution into what is effectively
a governmental department.

Although Ginzburg has been immobi-
lized by illness, his assistants are keen to
point out that his moral barometer is robust.
“Please understand that I am a democrat at
heart, and, of course, I don’t very much like
what is happening now in our country. … But
I am not a political activist. I don’t say all that
I feel, as they would likely jail me,” he says,
laughing. Still, he cannot be said to be biting
his tongue.

He characterizes as a “return to the time
of Stalin” the arrests since the late 1990s of
scientists by the Federal Security Service.
The charges, which Ginzburg and many
other scientists consider to be flimsy, are
that they sold state secrets. He rails against
attacks on atheists, such as himself, by
those who wish to bring church teachings
into public schools and universities. He
also denounces major newspapers, such as
Izvestia, for publishing horoscopes, which
he calls “pure hokum.”

After a Lifetime in Russian Science,
Concern for the Future
In his 90th year, Vitaly Ginzburg sees promise in Russian science but says, “I don’t
like very much what is happening now in our country”

PROFILE: VITALY GINZBURG 

Bright moment. Born in tsarist times, Ginzburg worked on the
hydrogen bomb and received the Nobel Prize in 2003 for theoretical
studies of superconductivity.
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Often he is asked what he has done with the
roughly $350,000 in Nobel Prize money, an
enormous sum in a country where experienced
researchers are being promised 30,000 rubles
($1150) a month by 2008. He says that he has
put the money away for the college educations
of his two great-grandchildren, a twin boy and
girl living in Princeton, New Jersey.

He sold his country house to help pay for
medical treatment and likens his fate to that of
two great Soviet physicists, Igor Y. Tamm and
Lev D. Landau, both Nobel laureates with
whom he worked. (Like Tamm, Ginzburg was
recruited to help design the f irst Soviet
nuclear bombs, but by a stroke of luck, he says
in his Nobel autobiography, his low security
rating kept him in Moscow, away from the
Arzamas-16 military site.) Although he is
proud to have followed in the footsteps of
Tamm and Landau as a physicist, he says he is
reluctant to be following “their path [to the
grave].” He recounts their deaths in an essay
on the Web site of a magazine for which he is
editor, Uspekhi Fiziki, or Advances in Physics,
which has been in existence since 1918. 

Tamm, who suffered from amyotrophic
lateral sclerosis, or Lou Gehrig’s disease,
used to say that he was attached to a respira-
tor like “a bug on a pin” in a specimen case.
Landau died over the course of 6 years after
sustaining painful injuries in a car accident.
Ginzburg, saying he has a low tolerance for
pain, recently laid bare his wishes in an essay
titled, “On the Right to Die.” “From the very
beginning of my illness, I have dreamed
about death, but, of course, a painless death,”
he writes.

He published the piece online in a rela-
tively obscure publication, he says, to avoid
being accused of encouraging euthanasia, a
crime in Russia. “I have done all that I can.
Within several months at the end of success-
ful treatment, I most likely will have written,
in my [90] years, a mere handful of articles
and letters. It is absurd to suffer such long
months for that. It brings me to recall the joke
that goes, ‘Why do you exercise?’ The
answer: ‘To die healthy!’ ”

Civil society, he says, is not sufficiently
developed in Russia to enact a right-to-die
law anytime soon. So he continues to write
the essays and letters for which he has con-
cluded that life is not worth living. 

Increasingly, he has been publishing inter-
views and essays in the magazine Zdravy
Smysl, or Common Sense—something that he
says is missing from public discourse in his
country. “What else can I do?” he says. “For
now, living is in the cards.”

–BRYON MACWILLIAMS
Bryon MacWilliams is a writer in Moscow.

WAKO, JAPAN, AND ROSEMONT, ILLINOIS—
Sometime this month, a warning siren will
clear personnel out of the bowels of a massive
concrete building in Wako, a city just east of
Tokyo. Then, the world’s most powerful
cyclotron will propel a stream of uranium
ions at a carbon target. The resulting smashup
will produce radioactive nuclei that have
never existed outside a supernova. Such fleet-
ing exotic bits of matter should help unify a
fragmented theory of the nucleus, reveal the
origins of the heavier elements, and provide
clues to why the universe contains so much
more matter than antimatter.

Data from the $380 million Radioactive
Isotope Beam Factory (RIBF) at the Institute
of Physical and Chemical Research (RIKEN)
in Wako “will allow us to form a new frame-
work for nuclear physics,” says Hiroyoshi
Sakurai, chief nuclear physicist at RIKEN’s
Nishina Center for Accelerator-Based
Science, which built and will operate the
machine. Richard Casten, a nuclear physicist
at Yale University, agrees that knowledge
sifted from the atomic shards “will be trans-
formational in our understanding of nuclei.”

But Japanese physicists aren’t the only
ones staking a claim to this fertile turf. RIBF
is the first in a new generation of exotic iso-
tope accelerators. Researchers in Germany
and France hope to have machines ready to
power up in 2010 and 2011, respectively.

Meanwhile, a U.S. National Research Coun-
cil (NRC) report released last week makes the
case for building the most powerful machine
of all. U.S. researchers hope the report will
jump-start a project, once known as the Rare
Isotope Accelerator (RIA), that stalled last
year after the U.S. Department of Energy
(DOE) ordered researchers to cut in half the
projected $1 billion cost. “This report helps
get the project unstuck by more clearly defin-
ing the science that can be done with it and the
international situation,” says Michael Turner,
a cosmologist at the University of Chicago
and chief scientist at DOE’s Argonne
National Laboratory in Illinois, one of two
institutions vying for the machine.

Accounting for more than 99.9% of an
atom’s mass and less than a billionth of its
volume, the nucleus is a knot of protons and
neutrons. Nature provides 260 stable nuclei,
and researchers have glimpsed 10 times that
number of unstable ones. But machines that
produce even more would provide new
insights into the structure of the nucleus.

For example, since the 1940s, physicists
have known that nuclei with certain “magic”
numbers of protons or neutrons appear to be
more stable than might otherwise be
expected. However, recent findings suggest
that the known magic numbers—2, 8, 20, 28,
50, 82, and 126—may not apply to nuclei
with an extreme excess or deficiency of

Japan Gets Head Start in Race to
Build Exotic Isotope Accelerators
A new facility begins to explore the structure of the nucleus as Europe awaits two
machines and the United States revises its plans

NUCLEAR PHYSICS
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neutrons, says Takaharu Otsuka, a theoretical
physicist at the University of Tokyo. An
exotic isotope accelerator could search for
new magic numbers for highly unstable
nuclei and help physicists develop a more
comprehensive theory of the nucleus.

Experiments at RIBF will also allow
researchers to “take on the challenge” of elu-
cidating stellar processes, says Yasushige
Yano, head of the Nishina Center. Scientists
believe that half elements heavier than iron
are created somewhere within supernovae by
a phenomenon known as the R-process, in
which nuclei become bloated with neutrons.
The resulting neutron-rich nuclei then decay
into the familiar stable elements. But physi-
cists don’t know precisely how, or even
where, the R-process takes place. Studying
fleeting neutron-laden nuclei in the lab should
help remedy that situation, says Otsuka.

An exotic isotope accelerator might even
help explain why the universe is rich in matter
and essentially devoid of antimatter. Physicists
believe that the imbalance emerged in the
infant universe thanks in part to a slight asym-
metry between matter and antimatter known
as charge-parity (CP) violation, which has
been observed only in two types of exotic par-
ticles called mesons. According to the standard
model of particle physics, such asymmetry
could be reflected in the properties of certain
exotic nuclei, such as the distribution of elec-
tric charge within them. So those nuclei might
reveal other sources of CP violation to probe
one of the larger mysteries in the cosmos.

To pursue such goals, RIBF links an exist-
ing linear accelera-
tor, or linac, and
cyclotron with two
new conventional
cyclotrons and a
superconducting
ring cyclotron that

together will accelerate even the heaviest
nuclei up to 70% of light speed. The heavy
nuclei will blast through a target of lighter
ones and be ripped apart, like a car crashing
into a steel post—a process called in-flight
fragmentation. The exotic nuclei will be
sorted into secondary beams and analyzed or
smashed into still other nuclei.

But some of the science may have to wait
for more funding. Although the beamline is
ready, RIKEN lacks money for instrumenta-
tion and experiments. Some projects will start
next year, but more complete instrumentation
won’t be in place until 2008, says Sakurai.

Still, that timetable gives RIKEN a big
head start on the competition. Researchers at
France’s heavy-ion lab, GANIL in Caen, are
working on SPIRAL2, a linac that will also
produce exotic isotopes by in-flight fragmen-
tation. SPIRAL2 will also smash light nuclei
into heavy ones in a solid target to chip the tar-
get nuclei apart—a technique known as iso-
tope separation online (ISOL). Meanwhile,
researchers at Germany’s GSI heavy-ion
research center in Darmstadt await a green
light to build the sprawling international
Facility for Antiproton and Ion Research
(FAIR), a synchrotron lab that will produce
exotic isotopes, among other things. FAIR
will create the nuclei by in-flight fragmenta-
tion and will accelerate them to far higher
energies. GSI officials are hammering out an
agreement with international partners, and
construction could start next year.

Researchers in the United States hope that
the NRC report will help them get back in the
game. In 1999, nuclear physicists proposed
using a high-energy, high-throughput linac to
create RIA, a dream machine that would have
excelled in every technique. In 2003, RIA
tied for third on a list of 28 projects DOE
hoped to complete within 20 years, and
researchers anticipated construction starting
as early as 2008. Argonne and Michigan
State University in East Lansing were vying
to host the machine.

But in February, DOE put the pricey proj-
ect on hold and asked for something cheaper
(Science, 24 February, p. 1082). DOE and the
National Science Foundation (NSF) had
already requested an NRC review of the sci-
ence that RIA could do, and the Argonne and
Michigan State teams suggested building a
shorter linac with half the energy (but twice
the beam current) and eliminating experimen-
tal stations. Last week, the review committee
presented its analysis of the more modest pro-
posal to members of NSF and DOE’s Nuclear
Science Advisory Committee (NSAC) at a
meeting outside Chicago.

Even the smaller-scale machine would be
worth building, the committee concluded.
“There is a persuasive case for the science
that can be done with this machine,” says
committee co-chair John Ahearne, a physi-
cist with the scientific society Sigma Xi in
Research Triangle Park, North Carolina.
That conclusion takes into account the fore-
seeable competitors, says co-chair Stuart
Freedman, an experimental physicist at the
University of California, Berkeley, who
noted that “without a facility like this, this
part of the [U.S. nuclear physics] community
likely would not survive.”

The report cheered rare-isotope researchers.
“It’s very positive, very encouraging,” says
Konrad Gelbke, director of the NSF-funded
National Superconducting Cyclotron Labo-
ratory at Michigan State. Donald Geesaman,
a physicist at Argonne, says the report pro-
vides “validation of the importance of the sci-
ence from a broader community” than just
exotic-isotope researchers. Researchers now
hope construction can begin in 2011 for a
start-up in 2016.

Physicists still have a long way to go to
transform their idea into a machine, however.
First up is a design for the vaguely defined
facility. Unlike RIA, the new machine won’t
do it all. Argonne researchers favor the ISOL
approach, whereas Michigan State physicists
favor in-flight fragmentation. Both groups
would also pursue a novel scheme called reac-
celeration, catching isotopes in a tank of gas
and then feeding them into a second accelera-
tor. This spring, an NSAC subcommittee will
weigh in on the matter.

Then there’s the question of finding
$500 million to pay for the machine. Last
year, DOE submitted to Congress a 5-year
plan “that involves growth in the bottom line
of the Office of Science, and this [facility] is
part of the plan,” says Dennis Kovar, director
of the DOE nuclear physics program.
Whether the new Congress will go along,
however, remains to be seen.

–DENNIS NORMILE AND ADRIAN CHO
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Revving up. Japan’s new exotic isotope accelerator
should come on line within weeks.

Rare opportunity. The U.S. rare-isotope community 
needs a machine like the one proposed at Michigan State

University to stay competitive, says Stuart Freedman, 
co-chair of a recent review panel.
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Honey Bees and Humans:
Shared Innovation 
IN HER DISCUSSION OF THE
sequencing of the genome
of the honey bee (“Honey
bee genome illuminates
insect evolution and social
behavior,” 27 Oct., p. 578),
E. Pennisi concludes by noting
that “[i]n a few respects, the honey
bee shares more similarities with humans
than with the other insects whose genomes
have been sequenced,” pointing to presumably
ancient genes that were “lost in a few lines.”

There is another remarkable property that
honey bees share with humans, perhaps reflect-
ing a common innovation. Karl von Frisch was
awarded the Nobel Prize in 1973 for his work
illuminating the capacity of Apis mellifera to
use the sun’s position as a point of reference
and identify the direction and distance of nec-
tar outside the hive through a tail-wagging
“dance” that is to some extent genetically
based and to some extent learned. He showed

that the dance has a slightly different
form in bees in different locations
and that bees can adapt to local
conditions. So far, the Honeybee
Genome Sequencing Consortium has

not identified a genetic source for this
capacity shared with humans.

DAVID W. LIGHTFOOT

Assistant Director, National Science Foundation, Directorate
of Social, Behavioral and Economic Sciences, Arlington, VA
22230, USA. E-mail: dlightfo@nsf.gov

Climate Change Hearings
and Policy Issues 
THE RANDOM SAMPLES ITEM “AS EARTH
warms, Congress listens” (6 Oct., p. 29)
ends with a proclamation by the National
Resources Defense Council’s David Doniger
that climate change hearings “don’t do any-
thing.” Although Doniger’s frustrations are

understandable, his lament misses a crucial
point: In fact, it is precisely what climate
hearings actually do that so badly hinders
policy progress.

Climate change hearings are held be-
cause the issue is deeply divisive. As
Nobelist Herbert Simon reminded us, “when
an issue becomes highly controversial—
when it is surrounded by uncertainties and
conflicting values—then expertness is very
hard to come by, and it is no longer easy to
legitimate the experts” (1). Studies of dis-
course in these settings, including my own
analysis of examples from the last 15 years
(2–4), show, for example, that discussions of
uncertainty have had the dual effect of justi-
fying increased research funding while
delaying policy decisions—a win for both
the scientists and the politicians! 

Scientists must recognize that when they
testify at such hearings, they are participating
in a political event, not a scientific one. When
issues are highly polarized, a hearing may be
a useful tool for adding to the public record
or building support for a particular policy
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Retraction
WE WISH TO RETRACT OUR REPORT “DUAL SIGNALING REGULATED BY
calcyon, a D1 dopamine receptor interacting protein” (1). In this
Report, enhanced D1 dopamine receptor (D1R)–stimulated intracellu-
lar Ca2+ release was attributed to a direct interaction with calcyon, a
novel protein isolated in a yeast two-hybrid screen (Y2H) using the
D1R C-terminal tail as bait. Resequencing of the cDNA clone obtained
in the Y2H screen resolved a particularly GC-rich region upstream of
the calcyon start codon that had been misread before and indicated that
the calcyon coding sequence is out of frame with the GAL4 activation
domain. In view of this, we conducted other in vitro studies and found
that calcyon and D1Rs do not directly interact. Further, we also deter-
mined that although D1Rs do stimulate intracellular Ca2+ release after
priming of cells (1) or neurons with Gq-linked receptor agonists (2),
calcyon does not significantly enhance this response. The ability of
calcyon and D1Rs to co-immunoprecipitate when co-expressed in
cells as reported (1) presumably stems from the association of both
proteins with clathrin-coated vesicles (3, 4). Likewise, calcyon is co-

expressed in a number of D1R–positive neurons in brain and, like
D1Rs, is found in dendritic spines. Thus, the isolation of the calcyon
clone in a Y2H screen with D1Rs appears to have been adventitious.
We must therefore retract this Report. We sincerely regret that we did
not discover these errors before publishing. The third author of the
Report, Steven Eubanks, has graduated from Medical College of
Georgia and could not be located to sign the Retraction. The fifth
author, Patricia Goldman-Rakic, is now deceased. 

NELSON LEZCANO,1 LADISLAV MRZLJAK,3

ROBERT LEVENSON,4 CLARE BERGSON2

1Department of Neurology, 2Department of Pharmacology and Toxicology, Medical College
of Georgia, Augusta GA 30912, USA. 3Section of Neurobiology, Yale School of Medicine,
New Haven, CT 06510, USA. 4Department of Pharmacology, Pennsylvania State College of
Medicine, Hershey, PA 17033, USA. 
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A European honey bee (right; Apis mellifera) is
shown next to an Africanized honey bee.
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position, but it should not be seen as a way to
impose scientific rationality on politics. 

RYAN M. MEYER

Consortium for Science Policy and Outcomes, Arizona State
University, Tempe, AZ 85287–4401, USA. 
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Cost-Benefit Analysis of
the RFA
THE U.S. NATIONAL INSTITUTES OF HEALTH
issues requests for applications (RFA) to
solicit proposals on a specific topic. While a
well-designed RFA can have significant
benefit to the scientific enterprise and sup-
port the mission of the Institute, a poorly
designed RFA can produce a significant loss
of scientific effort.

The benefit of an RFA can be estimated by
multiplying the number of teams funded by the
duration of support. The costs associated with
an RFA are more diffuse, but just as real. Teams
prepare proposals, diverting effort from ongo-
ing projects. Reviewers evaluate proposals,
again diverting effort. University staff review
budgets and deal with regulatory approval,
increasing overhead rates. Institute staff attend
study sections and prepare summary state-
ments, consuming resources. Our conservative
estimate is that each proposal costs two months
of team effort in preparation and review. 

Unfortunately, some RFAs have much
greater cost than benefit. As a recent example,
the National Institute for Biomedical Imaging
and Bioengineering issued a “Quantum Pro-
jects” RFA. In response, 89 proposals were
received with only one grant funded. The ben-
efit of this RFA was support for three years of
scientific effort. The cost of this RFA was
nearly 15 years of lost effort. This RFA resulted
in a net loss of 12 years of scientific effort

Institutes can improve the cost-benefit ratio
of RFAs. Sufficient resources must be invested
to ensure that the RFA has net benefit. RFAs
must be focused and Institutes should employ
pre-proposals to screen applications and mini-
mize the number of full proposals required for
preparation and review. (Pre-proposals are
used by NSF and also a few NIH programs.
They are much shorter and require much less
effort than a full proposal.) Finally, Institutes
should publish the number of proposals
received and the number of grants funded to
guide response to future RFAs.

NORMAN J. DOVICHI1 AND
STEVEN A. SOPER2

1Department of Chemistry, University of Washington,
Seattle, WA 98195–1700, USA. 2Department of Chemistry,
Louisiana State University, Baton Rouge, LA 70803, USA. 

Data Mining on the Web 
WE READ WITH GREAT INTEREST THE PER-
spective “Creating a science of the Web” by
T. Berners-Lee et al. (11 Aug, p. 769). We agree
that evolving Web technologies enable the cre-
ation of novel structures of information, whose
properties and dynamics can be fruitfully stud-
ied. More generally, we would like to point out
that the Web is a specific phenomenon associ-
ated with the increasing prevalence of informa-
tion being digitized and linked together into
complicated structures. The complexity of
these structures underscores the need for sys-
tematic, large-scale data mining both to
uncover new patterns in social interactions and
to make discoveries in science through con-
necting disparate findings. For this vision to be
realized, we have to develop a new science of
practical data mining focusing on questions
answerable with the existing digital libraries
of information. In particular, today, free-text
search (as embodied by Google) is the primary
means of mining the Web, but there are many
kinds of information requests it cannot handle.
Queries combining general, standardized
annotation about pages (such as from the
semantic Web) with free-text search within
them are often not supported—e.g., doing a
full-text search of all biophysics blogs emanat-
ing just from governmental institutions within
100 miles of Chicago. Furthermore, it would be
useful to develop ways of leveraging the small
amounts of highly structured information in the
semantic Web as “gold-standard training sets”
to help bootstrap the querying and clustering of
the large bodies of unstructured information on
the Web as a whole. Thus, the science of the
Web should enumerate the range of informa-
tion requests that can be fruitfully made and the
kinds of information infrastructure and data-
mining techniques needed to fulfill them.

ANDREW SMITH1 AND MARK GERSTEIN2

1Department of Computer Science, 2Albert Williams Pro-
fessor of Biomedical Informatics, Yale University, New
Haven, CT 06520, USA. 

Response
WE AGREE WITH SMITH AND GERSTEIN’S VIEW
that data mining is among the many impor-
tant areas of research that are considering the
Web as an object of scientific inquiry. They
are correct in pointing out the importance
of “text mining,” the basis of current Web
search, for providing new Web capabilities.

However, with the increasing amount of
directly machine-readable data that are avail-
able on the Web (coming from, for example,
database-producing equipment such as mod-
ern scientific devices and data-oriented appli-
cations), it is also clear that text mining needs
to be augmented with new data technologies
that work more directly with data and meta-
data. Data mining is also an excellent case in
point for the main focus of our Perspective in
relation to the interdisciplinary nature of the
emerging science of the Web. Analytic mod-
eling techniques will be needed to understand
where Web data reside and how they can best
be accessed and integrated. Engineering and
language development are needed if we are to
be able to perform data mining without hav-
ing to pull all the information into centralized
data servers of a scale that only the few largest
search companies can currently afford. In
addition, data mining provides not just oppor-
tunities for better search, but also real policy
issues with respect to information access and
user privacy, especially where multiple data
sources are aggregated into searchable forms.

TIM BERNERS-LEE,1 WENDY HALL,2

JAMES HENDLER,3* NIGEL SHADBOLT,2

DANIEL J. WEITZNER1

1Computer Science and Artificial Intelligence Laboratory,
Massachusetts Institute of Technology, Cambridge, MA
02139, USA. 2School of Electronics and Computer Science,
University of Southampton, Southampton SO17 1BJ, UK.
3Computer Science Department, University of Maryland,
College Park, MD 20742, USA. 

*To whom correspondence should be addressed. E-mail:
hendler@cs.umd.edu

Using Models to 
Manage Carnivores
THE NEWS FOCUS ARTICLE “THE CARNIVORE
comeback” (M. Enserink, G. Vogel, 3 Nov.,
p. 746) illustrates the difficulty of conserving
free-ranging predators in highly anthropic
landscapes such as Europe. Because large car-
nivores can cause heavy damages to livestock
as well as threaten human beings, it is critical
that management policies are flexible enough
to allow for some removals while keeping

Letters to the Editor
Letters (~300 words) discuss material published 
in Science in the previous 6 months or issues of
general interest. They can be submitted through
the Web (www.submit2science.org) or by regular
mail (1200 New York Ave., NW, Washington, DC
20005, USA). Letters are not acknowledged upon
receipt, nor are authors generally consulted before
publication. Whether published in full or in part,
letters are subject to editing for clarity and space.
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populations viable (1).
Although the use of models for carnivore

management has not been widespread (2), it
is now possible to build realistic demo-
graphic models for species with complex
social systems like the wolf, thanks to the
recent emergence of modeling techniques
that incorporate patterns at the individual
level (3). Designing efficient adaptive man-
agement schemes—i.e., implementing poli-
cies as experiments—should be achieved
through a wider use of such models. 

Management recommendations would
be much improved and accepted by the pub-
lic if they were based on population model-
ing rather than on expert opinion consensus.
Because models are logical constructions
based on falsifiable assumptions, their rec-
ommendations can be invalidated, whereas
expert opinions are verbal constructions dif-
ficult to refute. Fisheries management has
made an extensive use of population models,
and there is no valid reason why they should
not apply to terrestrial carnivores.

GUILAUME CHAPRON AND 
RAPHAËL ARLETTAZ 

Zoological Institute–Conservation Biology, University of
Bern, Baltzerstrasse 6, Bern, Switzerland.
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TECHNICAL COMMENT ABSTRACTS

COMMENT ON “Early Domesticated 
Fig in the Jordan Valley”
Simcha Lev-Yadun, Gidi Ne’eman, 
Shahal Abbo, Moshe A. Flaishman 

Kislev et al. (Reports, 2 June 2006, p. 1372) described
Neolithic parthenocarpic fig fruits and proposed that they
derive from trees propagated only by cuttings and thus
represent the first domesticated plant of the Neolithic
Revolution. Because parthenocarpic fig trees naturally
produce both seeded and seedless fruits and are capable
of spontaneous reproduction, we argue that the finds do
not necessarily indicate cultivation, nor horticulture pre-
dating grain crops.
Full text at www.sciencemag.org/cgi/content/full/314/
5806/1683a

RESPONSE TO COMMENT ON “Early
Domesticated Fig in the Jordan
Valley”
Mordechai E. Kislev, Anat Hartmann, 
Ofer Bar-Yosef 

We suggest that parthenocarpic or fertile fig branches were

planted along with staples like wild barley in the early
Neolithic villages of Gilgal and Netiv Hagdud. In contrast to
the repeated sowing of wild barley, we argue that planting
branches of selected fig trees constitutes a form of domes-
tication. The simplicity of fig tree propagation likely con-
tributed to its domestication before cereal crops.
Full text at www.sciencemag.org/cgi/content/full/314/
5806/1683b

CORRECTIONS AND CLARIFICATIONS
Reports: “Boryllithium: isolation, characterization, and reac-
tivity as a boryl anion” by Y. Segawa et al. (6 Oct., p. 113).
Reference 28 for preparation of a free anionic gallium species
substituted with diisopropylphenyl groups should cite R. J.
Baker, R. D. Farley, C. Jones, M. Kloth, D. M. Murphy, J. Chem.
Soc. Dalton Trans. 2002, 3844 (2002). The current reference
[E. S. Schmidt, A. Jockisch, H. Schmidbaur, J. Am. Chem. Soc.
121, 9758 (1999)] describes preparation of tert-butyl-sub-
stituted anionic gallium species. Additionally, in table S1 of
the supporting online material, the parameter “params” in
the second column (headed 3-DME) should be “384” rather
than “155.”

Policy Forum: “Genomics and medicine at a crossroads in
Chernobyl” by G. S. Ginsburg et al. (6 Oct., p. 62). In the
first paragraph, in line 11, the phrase “1.1-billion-ton tem-
porary ‘sarcophagus’” should instead read “1.1-million-ton
temporary ‘sarcophagus.’”

Special Section on Migration and Dispersal: News:
”Follow the footprints” by K. Unger (11 Aug., p. 784). In the
article, tapirs are described as “piglike.” Although to the
uninitiated observer, tapirs seem piglike, they are actually
more closely related to horses and rhinos. 
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In Stanley Kubrick’s 1964 film Dr.
Strangelove or: How I Learned to Stop
Worrying and Love the Bomb, the character

Brigadier General Jack D. Ripper reflected on
the opinion on war expressed by the World War
I French Premier Georges Clemenceau:
“He said war was too important to be left
to the generals. When he said that, 50
years ago, he might have been right. But
today, war is too important to be left to
politicians. They have neither the
time, the training, nor the inclina-
tion for strategic thought. I can no
longer sit back and allow commu-
nist infiltration, communist indoc-
trination, communist subversion
and the international communist
conspiracy to sap and impurify
all of our precious bodily fluids.” 

Read Al Qaeda for commu-
nist and homeland security for
precious bodily fluids to see
how life imitates art, although
today we have allowed scientists into the

war room (where no
fighting is allowed).
This is equally prob-
lematic, for scien-
tists are subject to
the same cognitive
biases as these other
cohorts. In fact, even
smart people like
scientists believe
weird things, be-

cause they are highly skilled at rationalizing
beliefs that they arrived at for nonsmart rea-
sons (1). And after two decades of investi-
gating weird beliefs on the borderlands of
scientific credulity, I know pseudoscience
when I see it.

“Pseudoscience” is also the verdict ren-
dered by the former chief scientist at the U. S.
Arms Control and Disarmament Agency, Peter
Zimmerman, to Sharon Weinberger, an inves-
tigative journalist and the editor of Defense
Technology International, when she inquired in
2003 about the Pentagon’s top-secret super-
weapon, the hafnium bomb. “One knows bad

science and after a while learns to recognize it
as such,” Zimmerman explained. Weinberger’s
query led her into the Pentagon’s “scientific
underworld” that “starts the moment a military
official tosses aside science and proceeds with

some idea too far out to believe.” The
further down the rabbit hole she went,
the weirder things got. Rockets
based on antimatter physics, psy-
chic spies who employ extrasen-
sory perception–like “remote
viewing” to find missing soldiers
and hidden weapons, and Star
Trek–like research on “teleporta-
tion physics” and “warp drive
metrics” are just a few of the

goofier projects Weinberger
encountered in her search. “I
would learn that Pentagon offi-
cials enter the underworld of
science, never again to leave.
That’s when things can go terri-
bly, terribly wrong.” 

Imaginary Weapons is Weinberger’s grip-
ping account of her investigation into a ter-
ribly wrong idea: a two-kiloton “nuclear
hand grenade” based on highly questionable
physics involving an unstable atomic nucleus,
an isomer called hafnium-178. This isomer
bomb was sold to the Pentagon as a vital
weapon in the war on terror, a weapon that
could melt human flesh through a powerful
burst of gamma rays, penetrate underground
concrete bunkers, and cause an entire city
block to disappear in one fatal blast. 

To determine the feasibility of the hafnium
bomb, Zimmerman was charged with direct-
ing a secret group of elite scientists called
the Jasons. Their verdict was unequivocal, as
Weinberger explains: “Hafnium couldn’t be
made into a bomb for a host of scientific and
technical reasons: it was too radioactive to be
around; it was too expensive to produce; and
there was no way to get the chain reaction
needed for an explosion.” In fact, it couldn’t
even pass the “snicker test,” Zimmerman
noted. “It was, in the truest sense of the word,”
Weinberger concludes, “an imaginary weapon.” 

Then how did the Pentagon come to believe
in it? Here’s how: (i) Adopt a high risk–taking
philosophy. In the Pentagon’s Defense Advanced
Research Projects Agency (DARPA)—charged
with developing the secret weapon—“impossi-

ble” is just the sort of project their scientists are
supposed to undertake; in fact, “DARPA hard”
refers to technological challenges considered
beyond the capability of the military’s other
research and development laboratories. (ii)
Remove the normal checks and balances
that accompany scientific research. Within
DARPA, notes Weinberger, the agency’s
“science and technology projects are shielded
from the periodic oversight and cost audits
that plague the Pentagon’s more expensive
weapons.” (iii) Ignore negative results. Whereas
in normal science failures are learning oppor-
tunities, in DARPA “no one remembers the
failure,” reports Tony Tether, head of the
agency in 2002. “DARPA is Groundhog Day.
We do things over and over and over again.”
(iv) Favor short-term thinking. DARPA’s policy
is that program managers are not allowed to
serve for more than four years. Although this
prevents the ossification suffered by other
federal agencies top-heavy in lifelong bureau-
crats, it means that long-term projects will be
passed over. 

With this milieu of credulity in place,
Weinberger shows, “all it took was a used den-
tal x-ray machine, a few die-hard supporters,
some farfetched claims of a new arms race,
and the Pentagon thought it was on its way to
the next superbomb.” Given the power of the
hindsight bias (whose vision is always 20/20),
is it fair to task the Pentagon for not heeding
the warning signs? Yes, concludes Wein-
berger. The signs were too numerous and too
substantial: the failure to replicate key experi-
ments; the increasingly elaborate reasons
offered by hafnium-bomb supporters to
explain away experimental failures; ignoring
the negative assessment of the project by the
Jason scientists and instead listening only to
supporters; the fact that no one in the nuclear
physics community outside of the bomb
group believed that hafnium could be trig-
gered with x-rays; and, therefore, the concoc-
tion by hafnium proponents of an elaborate
conspiracy theory alleging actions against
them by the “scientific elite.”

The story of how DARPA convinced the
Pentagon to quit worrying and love the
hafnium bomb presents an important lesson in
healthy skepticism. Weinberger’s account in
Imaginary Weapons offers a warning about
excessive credulity that should be heeded by
scientists and policy-makers alike—for nature
will not bend to political predilections.
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Michael Shermer

The imagined bomb. Martin
Stickley claimed that “stimu-
lated isomer energy release”
would produce a two-kiloton
explosive yield from a five-
inch-diameter grenade.
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EXHIBITS: GENETICS

From a Monk in
His Garden
R. Scott Winters

Very little evidence
remains of the life of
Gregor Mendel, the

Augustinian friar who eluci-
dated the mechanism of partic-
ulate inheritance. Working alone
in the garden of a small abbey in
what is now the Czech Republic,
this enigmatic schoolteacher solved one
of the most pressing and long-standing
controversies in biology.
In doing so, he bolstered
Charles Darwin’s emerg-
ing theory of evolution
through natural selec-
tion and laid the founda-
tions for the field of
study that would become genetics. However,
the significance of Mendel’s findings—first
presented in 1865—was not appreciated until
the early 1900s, when his research was inde-
pendently rediscovered by the botanists Carl
Correns, Hugo de Vries, and Erich von
Tschermak-Seysenegg. In the interim years,
nearly all evidence of Mendel’s seminal work
was lost as his contemporaries focused their
attention on his subsequent role as abbot
rather than researcher.

Many of the relics of Mendel’s life are
currently on display at the
Field Museum in Chicago
as part of Gregor Mendel:
Planting the Seeds of Ge-
netics. The exhibition, the
most complete popular
presentation of Mendel to
date, presents him through
his personal effects and
his place in the continuum
of research on heredity.
Nearly all of the included
Mendel artifacts are on loan from the
Mendelianum and the Abbey of St. Thomas
and are being displayed for the first time out-
side of Brno, Czech Republic. Following
its appearance in Chicago, the exhibit will
travel through 2008 to Columbus, Memphis,
Philadelphia, and Washington, D.C.

Although modest in size, the
exhibit attempts to provide a full
perspective of Mendel within the
historical context of science. The

first, and stronger, of the exhibit’s two parts
offers a detailed picture of the friar as scientist.
Mendel is portrayed as an astute researcher
and devoted naturalist, a polymath who
saw connections between disparate scientific
fields. Highlights of the exhibit include
Mendel’s eyeglasses, microscope, telescope,
gardening tools, and annotated copy of
Darwin’s On the Origin of Species. Given 
the rarity and frailty of Mendel artifacts, it is 
not surprising that the exhibit relies heavily
upon facsimile documents (such as repro-

ductions of the two sur-
viving pieces of his note-
books) rather than the
originals. Mendel’s per-
sonal effects and photos
are augmented with dis-
plays intended to evoke
the locus of his labors,
such as a photomural of
the library at the Abbey of
St. Thomas.

The second half of the
exhibit sketches the course of genetic
research since Mendel. The focus here is
on luminaries such as Thomas Hunt Morgan
(who discovered chromosomal inheritance
through his studies of fruit flies) and
Barbara McClintock (who demonstrated the
existence of mobile genetic elements in
maize), but controversies such as eugenics
are also acknowledged. Refreshingly, these
vignettes remain true to Mendel’s primary
inquiry: the properties of inheritance of 
living organisms. As such, the section

emphasizes genetics in the context
of evolutionary and biodiversity

studies (spotlighting two of the
Field Museum’s researchers)

as opposed to the medical
applications of genetics
(which have been high-
lighted in several popular
exhibitions). Interleaved
throughout the exhibit is
a series of contemporary
works of art inspired by

Mendel’s research.
We have only a poor

understanding of how this
amateur scientist unlocked one

of the most important secrets in
the history of science. His thoughts,

ideas, and inspiration remain opaque,
and we do not know how the germ of his
idea came to fruition. Although the exhibit
Gregor Mendel comprehensively presents
what remains of its subject’s life, we are still
left with only an enigmatic picture of
the person.

10.1126/science.1134959

MILITARY RESEARCH

An Elite Source 
of Advice
Peter Zimmerman

In 1959 a team of first-rank American
physicists made the U.S. Department of
Defense an offer it would not refuse. The

physicists proposed the creation of a new
animal in the defense advice zoo. It would
not be a Federal Contract Research Center (a
public research institute hired by govern-
ment agencies to carry out research and
development and to provide engineering
support) but also not just a bunch of inde-
pendent consultants chasing small contracts.
The new organization, Jason, was to become
a self-perpetuating group of top scientists
who would tackle important scientific and
technical issues during a lengthy summer
residency in enjoyable parts of the country
and discuss other topics at fall and spring
meetings in the Washington, D.C., area. By
1960, the idea was funded.

Among the earliest scientists recruited
to the group were Marvin (“Murph”) Gold-
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Seeds of Genetics
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Part-time researcher. Mendel
(2nd from right, back row; hold-
ing a Fuschia) and his fellow friars
at the Abbey of St. Thomas (pho-
tograph c. 1862) were required to
teach in public schools.
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berger, Murray Gell-Mann, and Kenneth
Watson. Eleven present and future Nobel
Laureates would join over the years. Jason is
quietly approaching its 50th birthday, and yet it
seems to be almost unknown, even among the
science community—and, more remarkably,
even among the media that cover the Defense
Department. Jason likes it that way. Thus the
account Ann Finkbeiner (a freelance writer
who teaches in the graduate science writing
program at Johns Hopkins University) offers
in The Jasons will be revealing to most readers.

Full disclosure: I know many members of
Jason, have been a guest at a number of Jason
meetings, and even commissioned a Jason
study on the feasibility of the “hafnium bomb,”
a study mentioned at the very end of the book.

There is no public list of the members of
Jason, past or present. The project office in
McLean, Virginia, gives out very little informa-
tion. Few if any Jasons (the word refers both to
the group and to the individual members) brag
of their affiliation on their Web sites or their
curriculum vitae. The group’s reticence proba-
bly goes back to their earliest days of contro-
versy, during the Vietnam War. As Finkbeiner
admirably details in her book, the first dedi-
cated to a thorough study of the Jasons, the
group figured prominently, although anony-
mously, in the Pentagon Papers through its
1966 report “The Effects of U.S. Bombing in
North Vietnam.”

Instead of continuing strategic bombing of
the North for no measurable gain, Jason advo-
cated cutting the Ho Chi Minh Trail with a
combination of systems including sensors on
the ground, relay aircraft overhead, strike
aircraft at the ready, and a computer to fuse
the sensor data. Had all of the recommenda-
tions of this Jason report been followed, it
seems likely that conventional
bombing of North Vietnam
would have been phased out
with significant savings of
both American and Vietnamese
lives. The report’s technical
centerpiece, the “McNamara
Line,” was an operational fail-
ure, but it led directly to mod-
ern smart weapons.

When its title was leaked, the report back-
fired on Jason, inflicting tactical—if not
strategic—harm on the organization and its
members. Many Jasons were identified by
peace activists and became the targets of
abuse (and occasionally of serious threats to
their personal safety and that of their fami-
lies). The legacy of reticence continues today
in the refusal of the organization to name its
members and in the reluctance of Jasons
themselves to name other members or to talk

about the group. (Although one prominent
Jason, atomic physicist Will Happer of
Princeton, credits being trapped in the anti-
Jason rioting at Columbia University with
convincing him to join the group.)

Finkbeiner dwells on what she indicates is
a difference between “blue-collar” Jasons
who stick to hard science, and “white-collar”
members who are also policy advocates in the
mold of Jasons Richard Garwin and Sidney
Drell. White-collar scientists combine work
on highly classified projects with vigorous
programs of public speaking and discussions
with Congress and members of the executive
branch. I doubt that this distinction is useful;
all Jasons I contacted while preparing this

review said that they are unfa-
miliar with the collar code.

Jason started out as a bunch
of high-powered physicists
spending summers doing in-
teresting but very applied phys-
ics. It has metamorphosed over
the years and now includes
biologists, chemists, computer
scientists, and engineers, a re-

flection of the long-term changes in the problems
the United States faces. Finkbeiner’s elegant
recording of this transition, one of the book’s
best parts, is done in part through interviews
with nonphysicist Jasons, particularly “Dr. X”
(an anonymous biochemist) and “Professor
Y” (a woman who trained as a chemist but
works as a condensed matter physicist).

This mutability of Jason and the diverse
interests of its members has kept the group
vital (alive) and vital to the security of the

United States. Finkbeiner
informs the reader that
Jason long ago fragmented
into subgroups that focus
on such topics as arms con-
trol, nuclear weapons, bio-
logical challenges, missile
defense, and naval warfare.
But Jason’s defining attrib-
ute is the group’s ability to
find very smart people in
many fields, educate them
about fields they do not
know, and then get them to
tackle very hard problems
in back-of-the-envelope
ways that often result in
solutions that truly are
good enough for govern-
ment work. A list of Jason’s
greatest accomplishments
includes demonstrating that
the United States could ac-
cept a zero-yield nuclear

test ban without risk to its stockpile, showing
that anti–intercontinental ballistic missile
defense was unlikely to work, and develop-
ing the sodium laser artificial star used to
guide the adaptive optics that make the cur-
rent generation of very large optical tele-
scopes possible.

If there is an obvious flaw in The Jasons, it
is that the group restricted the author’s access
and she accepted those ground rules. The
book is not an investigative report; Finkbeiner
interviewed only those Jasons who agreed to
talk with her and carefully concealed the iden-
tities of all who asked not to be named. It is
disappointing that the Jasons never let her
watch them in action. As a result, Finkbeiner
completely misses out on just how much fun
they have at their work and how enjoyable it is
to watch them listen, probe, and occasionally
skewer one program or another.

Finkbeiner has given us an unprecedented
look at the inside of Jason. No other group of
scientific advisers has been so useful to the
United States for so many decades. Some day
a historian of science should be given the
opportunity to write a wider-ranging and
more analytic study of Jason and its accom-
plishments. Although that probably cannot be
done without access to classified information,
the unclassified heart of the matter can, as
many official nuclear histories have shown,
still make fascinating reading. Until such a
study appears, Finkbeiner’s absorbing and
intelligent appraisal of Jason should be read
by anyone interested in the interactions be-
tween science and national security.

10.1126/science.1132057

The Jasons
The Secret History of
Science’s Postwar Elite

by Ann Finkbeiner

Viking, New York, 2006. 
336 pp. $27.95, C$39. 
ISBN 0-670-03489-4.

A source of guidance. The adaptive optics system of the Keck II telescope
on Mauna Kea uses a sodium laser guide star.
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POLICYFORUM

In the early 1980s, K. C. Saha from the
School of Tropical Medicine in Kolkata
attributed skin lesions in West Bengal,

India, to exposure to arsenic in groundwater
pumped from shallow tube wells (1). Despite
these findings, millions of tube wells have been
installed across the Bengal Basin, the geologi-
cal formation that includes West Bengal and
Bangladesh, and across river floodplains and
deltas in southern Asia. 

The popularity of tube wells reflects the
reduced incidence of diarrheal disease when
drinking groundwater, instead of untreated sur-
face water, and the modest cost of installation
(about 1 month of household income). Today,
perhaps 100 million people in India, Bangla-
desh (see figure, right), Vietnam, Nepal, and
Cambodia (and possibly other countries) are
drinking water with arsenic concentrations up
to 100 times the World Health Organization
(WHO) guideline of 10 μg per liter (2–4).
Whereas technologies for treating either surface
water or groundwater periodically receive con-
siderable attention, the record to date suggests
that more widespread testing of wells to identify
those aquifers that do not require treatment is
presently far more promising. 

Arsenic can occur in groundwater naturally,
without an anthropogenic source. There is
broad agreement that arsenic release into
groundwater of the Bengal Basin is facilitated
by microbial metabolism of organic matter
contained in river floodplain and delta deposits
(3–6). Elevated concentrations of arsenic in
Bangladesh groundwater probably predate

agricultural practices that could plausibly have
caused the composition of groundwater to
change, such as the use of phosphate fertilizer
or large groundwater withdrawals for irrigation
(3, 7). This does not rule out the possibility that
irrigation is affecting the distribution and mobi-
lization of arsenic today (7–9). Although there
are remaining questions, current understanding
of the occurrence of arsenic is sufficient to
direct national strategies for lowering exposure. 

After studies established the scale of the
problem (2, 3), a massive campaign was initi-
ated in Bangladesh in 1999 to test tube wells
in the most affected portions of the country.
The field kits that were used had limitations,
but were reliable enough (10) to identify the
vast majority of tube wells that did not meet
the local standard for arsenic in drinking water
of 50 μg per liter. By 2005, the spouts of 1.4
million cast-iron pumps that draw groundwa-
ter with >50 μg per liter arsenic according to
the field test had been painted red. Another 3.5
million wells with up to 50 μg per liter arsenic
had been painted green (11). Such testing did
not reduce the rate of private well installa-
tions, at least within areas that have been
recently resurveyed (12, 13). Sadly, most tube
wells that were installed after the national test-
ing campaign remain untested today. 

The two interventions that have so far most
effectively lowered human exposure in Bangla-
desh rely on the spatial heterogeneity of the
distribution of arsenic in groundwater, which
is controlled principally by the local geology
(3, 14). Testing alone had the biggest impact as
~29% of the millions of villagers informed that
their tube well was elevated in arsenic have
changed their water source (see the chart on
page 1688). Large variations in the proportion
of well-switching across villages reflect in part
the availability of safe wells that are within
walking distance. A recent comparison has
shown, however, that both additional educa-
tion and periodic reinforcement of the mes-
sage that arsenic is a health hazard can over-
come existing obstacles to nearly double the
proportion of switching (12, 13).

The intervention with the second largest
impact (~12% of users with unsafe wells)
has been the installation of tens of thousands
of deep wells by the government and by
nongovernmental organizations. Such wells
supply groundwater from deeper, usually older,
aquifers that generally do not contain elevated
levels of arsenic (3, 14, 16). They are often
shared or community wells that require walk-
ing ~100 m several times a day. Yet these wells
can be very popular when placed in a central
location that, for instance, does not discourage
use by women. These community installations
have also had an indirect impact because
numerous households followed suit by rein-
stalling their own well to greater depth (12, 13).

In 2004, Bangladesh issued a National
Policy for Arsenic Mitigation (NPAM) accom-
panied by a more detailed Implementation
Plan for Arsenic Mitigation (17). Well-switch-
ing was recognized by the NAPM in the sense
that alternative water supply was not proposed
for villages where <40% of tube wells are
unsafe. However, the NPAM considered deep
tube wells a low-priority option. Instead, the
document encouraged a return to the use of
surface or very shallow groundwater without
paying sufficient attention to the increased
likelihood of exposure to microbial pathogens.  

Five other mitigation approaches promoted
by the NPAM have had a limited impact, each
reaching <1% of the population at risk (see
the chart on page 1688). The early record of

Excessive levels of arsenic in drinking water 
is a vast health problem in Southeast Asia.
Several viable approaches to mitigation
could drastically reduce arsenic exposure, 
but they all require periodic testing.
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arsenic removal from ground-
water by adsorption and/or co-
precipitation is mixed. Failures
have arisen from inadequate
removal due to the challenging
composition of the groundwater,
logistical difficulties in ensuring
proper maintenance, and inconven-
ience to the users (18). Since four arsenic-
removal technologies have been provisionally
approved for marketing, however, treatment
may become more widespread. Dug wells are
used by thousands of villagers. Although the
shallowest aquifers tapped by these wells are
typically low in arsenic, a full-scale return to
this traditional technology is hampered by con-
cerns regarding the microbial quality of the
water and the need for regular maintenance
(16). Treatment of pond or river water by sand
filtration, a priority in the 2004 NPAM,
appears less promising. Ponds often directly
receive human waste from surrounding latrines
and are increasingly used for aquaculture.
Also, as industry develops throughout rural
Bangladesh, sand filtration alone is unlikely to
guarantee a treatment suitable for human con-
sumption. Rainwater harvesting by individual
households can provide safe drinking water. Its
main drawbacks are the potential for micro-
bial contamination and the high cost of stor-
age sufficient for Bangladesh’s 8-month
dry season. Last, piped-water supply is fre-
quently touted as the solution to the arsenic
problem. The high capital and maintenance
costs of such systems relative to those of
individual tube wells, however, is likely to
restrict this approach to urban areas or the
most affluent villages. 

Recommendations
More than half of the population in Bangladesh
at risk from arsenic is still exposed (see chart,
above). To reach a greater fraction of the popu-
lation, we urge a revision of the NPAM to (i)
stimulate the periodic monitoring of water
quality no matter the mitigation option, (ii)
encourage rather than discourage the wise use
of deep aquifers that are low in arsenic, and (iii)
include the newly demonstrated effects of
arsenic on the mental development of children
in information campaigns (19).

Periodic field testing of numerous point
sources of drinking water would be an enor-
mous challenge for any government. We rec-
ommend consideration of alternative pro-
grams for well testing, in particular a national
certification program to license and monitor
entrepreneurs offering commercial field test-
ing to villages. Ideally, test results should indi-
cate actual concentrations. Households have
used this information to reduce arsenic expo-

sures even without access to a safe well. The
cost of testing tube wells for arsenic is signifi-
cant (~$1 per test) but is even higher for other
water-supply options that require water treat-
ment, because the performance of such sys-
tems is more likely to vary over time. Dug
wells, for instance, should be tested monthly
for microbial contamination, which is a con-
siderably more difficult measurement than a
field test for arsenic. 

As the population of Bangladesh contin-
ues to grow, many shallow wells are likely
to become contaminated with human, agri-
cultural, and industrial waste. In addition,
groundwater pumped from a majority of shal-
low tube wells is naturally elevated in man-
ganese, another constituent of increasing
health concern because of its neurological
effects (3, 20). Several field kits are available
to determine whether a well meets the WHO
guideline of 0.4 mg per liter for manganese.
The systematic use of these field kits for test-
ing shallow and deep wells should be consid-
ered, even if the health implications of expo-
sure to manganese present in groundwater are
not yet fully understood. 

Groundwater from deep wells is a good
source of drinking water in many parts of
Bangladesh because it does not require treat-
ment. Deep wells nevertheless should be
tested at least once a year, as a small fraction
are likely to fail over time. Presently, not even
deep wells installed by the government are
periodically tested for arsenic. One source of
confusion has been that the depth to older
aquifers that are systematically low in arsenic
varies from <30 m to >200 m across the coun-
try and can vary even between adjacent vil-
lages (3, 21). Thus, the depth to aquifers that
are low in arsenic must be determined at the
village level and attempts to establish the
depth to low-arsenic aquifers over larger areas
are misguided.

We believe that significant contamination
of deep aquifers with arsenic is unlikely unless

large amounts of water are withdrawn for
irrigation (22). Managing irrigation is there-
fore important. Although the incorporation of
arsenic into rice that has been grown on shal-
low groundwater appears to be limited (23,
24), potential long-term effects of irrigating
with groundwater that is elevated in arsenic
should be monitored. 

In summary, water testing must be drasti-
cally expanded in Bangladesh. Eight years
after a major arsenic conference in Dhaka,
millions of people continue to drink ground-
water containing toxic levels of arsenic. With-
out discouraging any option, the NPAM
should be revised soon after the upcoming
elections to expand the scale of those inter-
ventions that have been most effective to date.
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Adenosine 5´-triphosphate (ATP) pro-
vides energy currency for cells, har-
boring energy in its chemical bonds

that can be utilized when ATP is metabolized.
The negative charge of the triphosphate
groups renders the molecule impermeable to
lipid bilayers, so ATP usually remains within
cells. However, ATP can be released and
rapidly metabolized to adenosine 5´-diphos-
phate (ADP) adenosine 5´-monophosphate
(AMP), and adenosine. Excepting AMP, these
purines participate in autocrine signaling
(affecting the cell that secreted them) and
paracrine signaling (affecting nearby target
cells) by binding to various purinergic recep-
tors on the cell surface. On page 1792 of this
issue, Chen et al. (1) show that ATP is released
during cell migration. Specifically, as a neu-
trophil moves toward an attracting stimulus,
rapid and transient release of ATP further
enforces its directional movement by auto-
crine signaling via ATP and adenosine recep-
tors. This purinergic signaling circuit appears
to amplify the migratory response elicited by
chemoattractants.

In neurons as well as in platelets and mast
cells of the immune system, ATP or ADP (espe-
cially in platelets) is contained in granules that
are released to the extracellular space in
response to specific chemical or electrical stim-
uli. But in other cell types, including endothe-
lial and epithelial cells, ATP that is not associ-
ated with dense granules is released in response
to membrane-deforming stimuli such as shear
stress and hypotonic conditions. Cell swelling,
in response to hypotonicity, can trigger a 1000-
fold increase in ATP release from epithelial
cells within 1 μm of the cell surface (2). Similar
release can boost cell proliferation, as observed
in prostate cancer cells (3).

Neutrophils, the leukocytes that play a
central role in host defense by engulfing
and destroying foreign microorganisms, also
secrete ATP when they become activated and
start migrating toward chemotactic peptides
released by invading pathogens. This ATP
release appears to require hemichannels at the
cell surface (4). Chen et al. observed that ATP
is released predominantly from the deformed
protruding region at the front end (known as

the leading edge) of a migrating neutrophil as
it moves toward N-formyl-methionyl-leucyl-
phenylalanine (fMLP), a chemoattractant mol-
ecule secreted by certain pathogens. Treatment
of neutrophils with apyrase, which hydrolyzes
secreted ATP, nearly abolished chemotaxis,
indicating that production and response to an
ATP gradient is critical for initiating chemo-
taxis. Apyrase also reduced the fMLP-stimu-
lated oxidative burst that contributes to the
ability of neutrophils to kill pathogens. To the
extent that adenosine is generated upon the
addition of apyrase, it will also influence neu-
trophil chemotaxis and the oxidative burst.
Although a small increase in the concentration
of ATP was detected in buffer containing cells
that were stimulated to undergo chemotaxis, a
much larger increase in ATP—concentrations
exceeding 1 μM—was detected in a localized
area near the leading-edge membrane, as visu-
alized by fluorescence microscopy. 

Enzymes that metabolize
ATP that are present in the cell’s
plasma membrane, with cat-
alytic domains oriented extra-
cellularly (ectoenzymes), play
important roles in regulating
the normal immune response to
pathogens or tissue damage.
In many cell types, including
platelets, endothelial cells, and
neutrophils, nucleoside triphos-
phate diphosphohydrolase-1/
CD39 and ecto-5´-nucleotidase/
CD73 dephosphorylate ATP
and ADP to AMP. AMP is then
converted to adenosine by
CD73 or other enzymes. The
importance of this extracellular
purinergic flux in controlling
inflammation is apparent in
mice genetically engineered
to lack CD39 (5, 6) or CD73
(7). In these animals, activation
of inflammatory cells such
as platelets, macrophages, and
neutrophils, and their adhesion
to the vascular endothelium, are
enhanced. ATP released from
the leading edge of migrating
neutrophils is metabolized by
CD39 to generate AMP (1, 4).
Neutrophils have little CD73,
but this enzyme is abundant on

endothelial cells and lymphocytes. Chen et al.
find evidence that an exogenous adenosine gra-
dient causes the polarized localization and acti-
vation of A3 adenosine receptors at the leading
edge of migrating neutrophils. The effect of this
adenosine gradient is to increase the speed of
chemotaxis. Consistent with this observation,
the authors report a reduction in chemotaxis
speed by pharmacological blockade of the A3
receptor. The results suggest that intravenous
administration of an A3 agonist could inhibit
neutrophil chemotaxis—and thus prevent
unwanted inflammation—by providing a non-
directional, rather than a directional, chemo-
tactic stimulus. 

But there is a balance to this purinergic cir-
cuitry (see the figure). In addition to A3 adeno-
sine receptors, neutrophils also express A2A
adenosine receptors, which are not concen-
trated at the leading edge. When activated,

Release of adenosine 5’-triphosphate from
immune cells in response to membrane 
deformation implicates purinergic signaling 
in cell migration during host defense responses.
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Purinergic signaling circuitry. The inflammatory response to
infection or tissue damage depends on the coordination of adenine
nucleotide metabolism and signaling among many cell types via
purinergic receptors that recognize ATP, ADP, or adenosine. A
neutrophil migrating toward a chemotactic stimulus (fMLP)
releases ATP from its leading edge. ATP is dephosphorylated
by ectoenzymes (CD39 and CD73) to ADP and adenosine. Gradients
of ATP and adenosine initiate and accelerate directional chemotaxis
via P2Y2 and A3 adenosine receptors, respectively, on neutrophils.
Other adenosine receptors (A2A and A2B) inhibit neutrophil
chemotaxis and adhesion to endothelial cells, as well as platelet
aggregation. 
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these Gs protein–coupled receptors block
chemotaxis by stimulating cyclic AMP pro-
duction, which blocks neutrophil adhesion and
extravasation through the vascular endothe-
lium. Activation of A2B, another adenosine
receptor on endothelial cells, also decreases
endothelial permeability (4). Adenosine also
inhibits platelet aggregation and the release of
granular ADP by binding to platelet A2A
receptors. This counteracts the effects of ADP
receptors (P2Y1 and P2Y12) that are also
found on platelets. Clearly, purine release, sig-
naling pathways, and metabolism among neu-
trophils, platelets, lymphocytes, and endothe-
lial cells must be coordinated to allow platelet
aggregation as well as neutrophil adhesion,
extravasation, and chemotaxis.

The findings of Chen et al. indicate that
extracellular purinergic gradients are at work to
orient and regulate neutrophil chemotaxis.
Because connexin 43 hemichannels have been
implicated in the release of ATP from neu-
trophils (4), it will be of interest to determine if
such channels are selectively activated on the
leading edge of neutrophils and other cells dur-
ing chemotaxis. Activation of the small GTP-
binding protein Rho A, and actin reorganiza-
tion, are known to participate in neutrophil
shape change and movement in response to
fMLP. These molecules may contribute to sig-
naling responses downstream of activated
purinergic signaling receptors. The findings of
Chen et al. also suggest that the regulation of
purinergic receptors and purinergic ectoen-

zymes, as well as the movement of cells that
express ectoenzymes on their surface, can trig-
ger a rapid and dynamic change in the local
concentration of purines to influence the adhe-
sion and movement of inflammatory cells.

References 
1. Y. Chen et al., Science 314, 1792 (2006).
2. S. F. Okada, R. A. Nicholas, S. M. Kreda, E. R. Lazarowski,

R. C. Boucher, J. Biol. Chem. 281, 22992 (2006). 
3. R. Nandigama, M. Padmasekar, M. Wartenberg, H. Sauer,

J. Biol. Chem. 281, 5686 (2006). 
4. H. K. Eltzschig et al., Circ. Res. 99, 1100 (2006).
5. J. J. Wu, L. E. Choi, G. Guidotti, Mol. Biol. Cell 16, 1661

(2005).
6. C. Goepfert et al., Circulation 104, 3109 (2001). 
7. P. Koszalka et al., Circ. Res. 95, 814 (2004).

10.1126/science.1137190

Almost all elements heavier than
helium are produced in stars. Nuclear
fusion reactions can produce ele-

ments up through iron, but most heavier ele-
ments result from a series of neutron absorp-
tion reactions (interspersed with radioactive
decays of unstable neutron-rich isotopes).
Some isotopes can only be produced by an
extremely rapid, intense burst of neutrons
(the r process). Others require slow neutron
absorption (the s process), with neutron fluxes
low enough that each unstable neutron-rich
nucleus has time to decay before the next neu-
tron is likely to be absorbed. Via the s process,
stars in the mass range between M

�
and 8M

�

(where M
�

is the mass of the Sun) produce
roughly half of all elements heavier than iron
(1). For stars with mass less than about 3M

�
,

numerous observations of s-process element
abundances have been reported (2–5). On
page 1751 of this issue, García-Hernández
et al. (6) report observations of s-process
elements in stars with mass greater than 4M

�
.

This result challenges our understanding of
how such stars evolve but also may explain
some of the puzzling isotope abundances
found in the universe.

Near the end of its lifetime, a star in the
mass range M

�
to 8M

�
reaches the asymp-

totic giant branch (AGB) stage, as a cool red
giant hundreds of times the size of the Sun

and thousands of times more luminous. At
this stage, the star’s core (roughly the size of
Earth) of extremely dense carbon and oxygen
is surrounded by a helium-burning shell; very
slightly farther out is a hydrogen-burning
shell (which produces most of the star’s lumi-
nosity), and outside this is the tenuous hydro-
gen-rich envelope (almost entirely convec-
tively mixed) that reaches to the star’s surface.
A strong stellar wind grows even stronger as

the star’s luminosity increases.
When mass loss from this stellar
wind has stripped off the bulk of
the envelope, the star ends up as a
white dwarf. 

Neutron reactions are crucial
to heavy-element production in
AGB stars. As shown in the fig-
ure, hydrogen burning via the
carbon-nitrogen-oxygen (CNO)
cycle (yellow region at the base
of the hydrogen-rich envelope)
leaves behind ashes composed
of helium with a little 14N (dark
blue). Periodically, helium burn-
ing ignites (bright yellow outside
the carbon-oxygen core) in a vio-
lent transient event known as a
helium shell flash. Some of the
helium is burned to 12C; most of
the 14N is burned to 22Ne, some
of which burns via the 22Ne(α,n)
reaction (that is, the isotope 22Ne
absorbs an α particle and emits a
neutron), producing neutrons for

s processing. The flash drives a temporary
convective region (cyan) that mixes the nucleo-
synthesized elements throughout most of the
intershell region, leaving behind a region that
is still largely helium but also contains a large
amount of 12C and some s-process elements
(slate blue). The flash also causes the inter-
shell region to expand and cool, extinguishing
the hydrogen-burning shell. Envelope con-
vection retreats momentarily, then reaches

Abundances of elements produced in stars four
to eight times the mass of the Sun indicate a
different dominant nuclear reaction mechanism
than in lower-mass stars.Heavy Elements in Stars

Arnold I. Boothroyd

ASTRONOMY

The author is at the Canadian Institute for Theoretical
Astrophysics, University of Toronto, Toronto, Ontario, M5S
3H8, Canada. E-mail: boothroy@cita.utoronto.ca

M
as

s

Time

Decades Millennia Decades

Convective envelope

Flash-driven
convection

Protons
mixed
down

Dredge up

4He

14N 12C 13C

13C(α,n)
neutron source

22Ne(α,n)
neutron source

4He

14N

Burning issues. Diagram of the s process, showing a star’s inter-
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the latter varies with time). Nuclear burning is indicated in yellow,
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green. Thick black lines indicate boundaries of convective regions.
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inward, engulfing part of the intershell region
and dredging up nucleosynthesized elements
to the star’s surface; there they can be
observed and are ejected into the interstellar
medium by the stellar wind. After the helium
shell flash dies away, hydrogen burning re-
ignites, burning steadily until the next helium
shell flash.

Another s-process neutron source results
from incomplete mixing at the base of the
convective envelope. During dredge-up, a lit-
tle hydrogen (protons) is mixed some distance
into the helium- and carbon-rich region below
(purple region in the figure). When hydrogen
burning reignites, these protons burn some of
the 12C to 13C, leaving a 13C pocket (sky blue).
This pocket eventually gets hot enough for the
13C(α,n) reaction, yielding s-process elements
(blue-green region). These are engulfed by
intershell convection from the next helium
shell flash and mixed throughout the intershell
region (part of which is then dredged up to the
stellar surface). 

Theoretical mixing models are not good
enough to predict the size of the 13C pocket; in
addition, rotational shear may yield further
mixing in this region, in a manner that is like-
wise poorly understood (1, 5). The 22Ne(α,n)

neutron source is easier to model, but this
nuclear reaction rate is rather uncertain. The
number of neutrons (and the amount of 12C)
produced are also affected by uncertainties in
modeling the base of the flash-driven convec-
tive region (1). Fortunately, there are observa-
tional constraints.

The 22Ne(α,n) reaction produces a rela-
tively high neutron density for a brief period (a
few years). Even when neutron absorption
yields an unstable isotope, this may absorb
still another neutron before decaying unless its
half-life is quite short. In contrast, the 13C
pocket yields a lower density of neutrons (over
a much longer time period). Neutron-rich iso-
topes with relatively long half-lives have time
to decay before they are likely to absorb
another neutron, leading to a pattern of
s-process isotopic and elemental abundances
that differs from the pattern produced by the
22Ne(α,n) neutron source. In AGB stars with
mass less than 4M

�
, s-process abundance

observations indicate that the 13C(α,n) neu-
tron source dominates (1–5). However, more
massive stars burn hotter and faster, and
the strong temperature sensitivity of the
22Ne(α,n) reaction rate suggests that it should
be more important there. The observations of

García-Hernández et al. (6) show that in fact
the 22Ne(α,n) neutron source dominates in
such stars. Not only do they demonstrate that
these stars are sources of isotopes (such as
87Rb) that are not produced in lower-mass
stars; their observations also place new con-
straints on the physical processes involved,
which will be beneficial to models of stars of
all masses.

Our understanding of the s process is
growing as a result of improvements in the
theoretical models and in the observations that
constrain them. We can look forward to a time
when we will have a full understanding of how
slow neutron capture produces elements from
krypton to lead in giant stars. 
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On page 1783 of this issue, Mehta and
Baross (1) describe a hyperther-
mophilic methanogen that can fix

nitrogen (N2). The authors isolated the organ-
ism from a deep (~1500 m) hydrothermal
vent. Like other nitrogen-fixing bacteria and

archaea, it uses the
nitrogenase enzyme
to tap the vast re-
servoir of dissolved

N2 gas for its nutri-
tional needs for nitro-

gen. The discovery is noteworthy for several
reasons: It establishes a new temperature max-
imum of 92°C for an active biological nitroge-
nase system, with biotechnological potential;

it provides evidence for a new environment in
which nitrogen fixation may occur; and it
establishes yet another role for archaea in the
marine nitrogen cycle. Furthermore, genomic
analysis of this organism may provide impor-
tant clues to the early evolution of the nitroge-
nase enzyme system.

Hot-vent environments have piqued the
imagination of scientists since their discovery
in the 1970s. The biological diversity of these
exotic and remote environments (see the fig-
ure) is largely sustained by chemoautotrophic
microbes, which live on reduced inorganic
chemical species released from vent fluids
and thereby largely satisfy the carbon and
energetic demands of the entire community
(2). However, biological nitrogen fixation
may also be operative in deep-vent environ-
ments (3). The organism found by Mehta and
Baross, called FS406-22, provides further
substance to this possibility. 

Thus, nitrogen fixation may be a primary

A heat-tolerating archaeon from a deep-sea
vent can convert N2 into molecules usable
by other organisms. This finding of nitrogen-
fixing ability has implications from ecology
to biotechnology.
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Life at a deep-sea vent. Hot hydrothermal vent
fluid pours out of Vixen anhydrite chimney, located
south of Axial caldera on the edge of an older (pre-
1987) lava flow.C
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source of nitrogen, a critical nutrient, in hydro-
thermal communities. Substantial nitrogen fix-
ation would further increase the nutritional
independence of these exotic ecosystems from
from the surfaceof the ocean,where light drives
the photosynthesis-based primary production-
that feeds the major marine food webs. The bio-
geochemical importance of nitrogen fixation in
hot-vent communities must therefore be evalu-
ated directly. The identification of novel sites of
marine nitrogen fixation (such as hot vents,
which are broadly distributed throughout the
deep sea) may also help to determine the mag-
nitude of oceanic nitrogen fixation, which is
currently poorly constrained (4, 5).

A large proportion of the microbial popu-
lations of the sea are archaea (largely of the
Crenarchaeota lineage) (6, 7). However, the
physiological and ecological role of these
organisms has remained elusive. Recent find-
ings have shown that many marine Cren-
archaeota have the ammonium monooxyge-
nase gene and may in fact dominate marine
nitrification, the biological oxidation of am-
monium using oxygen as the electron accep-
tor (8). Nitrogen fixation in archaea was first
reported in 1984 (9), and in 2003, Mehta et al.
(10) retrieved the f irst marine archaeal
nifH sequences from deep-sea environments,
including a hot-vent system (nifH is a gene
from the nitrogenase operon that codes for one
of the enzymes of the nitrogenase complex,
dinitrogenase reductase). The current report
thus confirms a second role for archaea in the
nitrogen cycle of the sea.

FS406-22 has an optimal growth tempera-
ture of 90°C and fixes dinitrogen at tempera-
tures of up to 92°C, smashing the previous
record of 64°C held by Methanothermo-
coccus thermolithotrophicus (11) by a com-
fortable 28°C margin. Enzymes with high
thermal stabilities have found broad use in
molecular biology and biotechnology. Given
the importance of nitrogen fixation in global
agriculture and the creative exploitation of
novel organisms by the biotechnology indus-
try, a heat-stable nitrogenase system is likely
to find a useful industrial application. 

Recent analyses have suggested that nitro-
genase may have first arisen either before the
divergence of the three main branches of life
(12) or, alternatively, more recently in a
thermophilic archaeon (13). On the basis of
genetic analysis of several of the structural
and regulatory genes of the nif operon, as well
as several related genes, Mehta and Baross
argue that their archaeal nitrogen-fixing iso-
late may be representative of some of the ear-
liest lineages of nitrogen fixation, thus lend-
ing support to the first scenario.

For a number of well-characterized enzyme

systems of Archaea and Bacteria living at
mesophilic temperatures (10° to 30°C), which
use molybdenum at the active site, the analog
enzyme in hyperthermophiles has replaced
molybdenum with tungsten (14). Will FS406-
22 reveal the first tungsten-based nitrogenase?
And, for that matter, if the earliest precursors of
life were hyperthermophiles, did tungsten
enzyme catalysis predate catalysis based on
molybdenum? A few more questions to ponder. 
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Electrical insulators are usually appreci-
ated for their ability to do nothing.
Such materials either trap or restrict the

motion of free charges in matter. This is useful
in all kinds of applications, ranging from the
wiring in your home to directing the flow of
electrons in the tiny circuits of your iPod.
Now, on page 1757 of this issue, Bernevig
et al. have proposed a new kind of two-dimen-
sional insulator, which permits the flow of
charge only at its edges (1). This may lead to
the development of a new kind of solid-state
electronic device.

An insulator has an energy gap separating
filled and empty bands of electronic states, and
thus is electrically inert because a finite energy
is required to dislodge an electron. In the 1960s,
Kohn characterized the insulating state in terms
of the sensitivity of electrons inside the material
to effects on the sample boundary (2). His
insight was that the electrons of an insulator can
be regarded as occupying localized orbitals
(see the figure), so that they are insensitive to
perturbations on the boundary.

The presence of a bulk energy gap does
not guarantee that electrons have this “near-
sighted” property. A counter example is pro-
vided by the quantum Hall state of a two-
dimensional electron gas in a perpendicular
magnetic field. In the quantum Hall effect,
an energy gap results from the quantization

of the closed circular orbits that electrons
follow in a magnetic field. The inside of a
quantum Hall system is thus inert like an
insulator. However, at the boundary of the
material a different type of motion occurs,
which allows charge to flow in one-dimen-
sional edge states. These edge states are
unique in that they allow for charge to flow in
one direction only. This makes them insensi-
tive to scattering from impurities and
explains the observed precise quantization of
the Hall resistance.

Because both have a bulk energy gap, the
insulating state and the quantum Hall state
appear similar. The difference was explained
by Thouless et al. (3), who generalized Kohn’s
notion of boundary sensitivity to show that an
occupied band is characterized by an integer
topological index. This index, n, distinguishes
the insulating state (n = 0) from the quantum
Hall state (n ≠ 0) in a manner similar to the
way that the mathematical “genus” of a solid
body—which counts the number of holes—
distinguishes a marble from a donut or a cof-
fee cup. For quantum Hall states, the conduct-
ing edge states are a consequence of this topo-
logical structure.

Recently a new class of topological insula-
tors has been predicted to be possible at zero
magnetic field. This occurs because electrons
have a quantum property called spin, which
can have two possible polarizations, “up” and
“down.” In 2005, we showed theoretically that
a single two-dimensional sheet of graphite,
called graphene, has a small energy gap that

Theory suggests a practical method for producing a novel insulating state of matter.
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arises from the interaction between the elec-
trons’ spin and orbital degrees of freedom (4).
The resulting electronic state is inert in the
bulk like an insulator, but has conducting edge
states. We found that a new topological invari-
ant distinguishes this state from a conventional
insulator and guarantees the presence of those
edge states (5). In the simplest picture, the edge
states are spin-filtered in that electrons with

spin-up propagate in one direc-
tion, whereas electrons with spin-
down propagate in the opposite
direction. In this sense, this
state exhibits a quantum spin
Hall effect.

The quantum spin Hall effect
will be hard to observe in graph-
ene because carbon’s weak spin-
orbit interaction makes the energy
gap quite small and susceptible
to thermal fluctuations. The new
proposal by Bernevig et al. is
exciting because it solves this
problem and provides a feasible
method for observing the quan-

tum spin Hall effect.  They considered a semi-
conductor heterostructure consisting of a thin
layer of HgTe sandwiched between crystals
of CdTe. Their convincing theoretical analy-
sis shows that in an appropriate range of
layer thickness this two-dimensional struc-
ture should exhibit a robust quantum spin
Hall effect. HgTe, CdTe, and their alloys are
a well-studied family of semiconductor

materials with strong spin-orbit interactions.
The proposed device can be made with cur-
rent technology, thanks to decades of experi-
ence in the growth of high-quality semicon-
ductor structures.

In addition to providing a venue for a new
fundamental state of matter, the structure
proposed by Bernevig et al. may be of practi-
cal interest because it provides a method for
the electrical manipulation of spins and spin
currents with little or no dissipation. The
experimental demonstration of the quantum
spin Hall effect would be an important step in
this direction.
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States of matter. (Top) Electrons in an insulator are bound in localized orbitals (left) and have
an energy gap (right) separating the occupied valence band from the empty conduction band.
(Middle) A two-dimensional quantum Hall state in a strong magnetic field has a bulk energy
gap like an insulator but permits electrical conduction in one-dimensional “one way” edge
states along the sample boundary. (Bottom) The quantum spin Hall state at zero magnetic
field also has a bulk energy gap but allows conduction in spin-filtered edge states.

Photocopiers and laser printers play an
important role in our day-to-day life,
but we rarely pay attention to how these

devices work. They rely on photoconductors,
which are insulators in the dark but become
conductive under light illumination. About
three decades ago, environmentally more
benign organic photoconductors replaced the
toxic inorganic selenium alloy (1). The photo-
conductors in use today are bilayer systems
consisting of a charge-generating layer and a
charge-transporting layer (1).

On page 1761 of this issue, Yamamoto et
al. describe a nanometer-scale analog of such

bulk photoconductors. They report well-
defined self-assembled coaxial nanowires, in
which hexabenzocoronene (HBC) layers are
laminated by trinitrofluorenones (TNF) (see
the figure) (2). Like their macroscopic coun-
terparts, these nanowires are insulators in the
dark but generate a photocurrent upon irradia-
tion with ultraviolet or visible light. 

Earlier attempts to create supramolecular
organic photoconductors have mainly focused
on columnar liquid-crystalline materials (3–5).
Müllen and colleagues have shown that HBC-
based columnar liquid crystals can achieve
charge carrier mobilities three orders of magni-
tude higher than those of commercially
available amorphous organic materials (4).
Recently, Percec et al. have reported more com-
plex photoconducting columnar liquid crystals,
in which the active units (carbazoles and TNFs)

are confined in the center of the columns (5).
These studies aim to create a highly organ-

ized, higher-mobility bulk material that can
replace existing low-molecular-weight organic
photoconductors or can be used in other appli-
cations, such as field-effect transistors. In
contrast, the coaxial nanowires described by
Yamamoto et al. are not primarily targeted for
implementation in existing technologies. Rather,
the incentive for this work comes from the
desire to create nanometer-scale functional
supramolecular entities. Such entities are ubiq-
uitous in nature, for example in photosynthesis,
where different self-assembled units interact to
accomplish light harvesting, charge separation,
and water oxidation in the confined space of a
membrane (6). The tubular organization of the
HBC molecules in the system of Yamamoto
et al. (see the figure) has a striking similarity to

Scientists have devised a nanometer-scale
analog of the bulk photoconductors used in
copiers and laser printers.
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the light-harvesting antennae in
green sulfur bacteria (7).

Yamamoto et al. show that
subtle changes in external param-
eters have a pronounced impact
on the nanometer-scale morphol-
ogy of their structures, which in
turn determines the photofunc-
tional properties (2). At high con-
centration, brown microfibers
composed of HBC-TNF charge-
transfer complexes are formed. In
contrast, self-assembly at lower
concentration affords yellow co-
axial nanowires that consist of
segregated layers of graphitic
HBCs and electron-accepting
TNFs (see the figure). Only these
nanowires exhibit the desired
photoconductive properties. In contrast, the
close contacts (indicated by the brown color)
between the electron-rich HBCs and the elec-
tron-poor TNFs in microfibers rapidly quench
the photoinduced charge-separated state, thus
prohibiting the photocurrent.

This work marks a breakthrough in the
emerging field of supramolecular electronics
(8, 9). The pivotal aspects of supramolecular
electronics are (i) synthesis of molecular
building blocks that contain photo- and redox-
active components (here, HBC and TNF);
(ii) self-assembly of such building blocks,

directed by external parameters such as sol-
vent or temperature, to afford functional
nanometer-scale entities (here, a photocon-
ducting supramolecular nanowire); and (iii)
connection of these entities to electrodes to
enable characterization of the desired physical
properties (here, photoconductivity).

The implementation of self-assembled
organic nanoelectronic materials—such as the
coaxial nanowires reported by Yamamoto
et al.—into existing commercial microelec-
tronics technology poses severe challenges.
However, such materials may enable a new tech-

nology based on self-assembled nanometer-
scale electronic circuits. Such nanodevices
may even be able to communicate with biolog-
ical systems that have similar dimensions and
are based on similar organizing principles.

A closer look at the coaxial nanowire of
Yamamoto et al. reveals a defined interface
between electron-rich p-type semiconducting
HBCs and electron-poor n-type semiconduct-
ing TNFs. The system can thus be understood
as a nanometer-scale version of a bulk p-n
heterojunction (10)—the most important
functional unit of solar cells. Therefore, this
assembly should, in principle, be able to con-
vert light energy into electricity that can drive
a supramolecular machine. Future develop-
ments based on this and related nanometer-
scale photofunctional assemblies may open
up new perspectives for nanodevices.
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A nanometer-scale analog of bulk photoconductors. The coaxial
supramolecular nanowire reported by Yamamoto et al. forms through
self-assembly of HBC (red) and TNF (blue) molecules. Illumination
with ultraviolet or visible light leads to the generation of electrons (e–)
and holes (h+), followed by hole transport through the HBC layer (2).

Sigmund Freud’s groundbreaking work
first demonstrated that a large part of
our conscious mental life is governed

by motives and memories that are not, or are
no longer, accessible to conscious insight.
Events that can no longer be consciously
remembered also guide the behavior of neuro-
logical patients, as famously shown by
Édouard Claparède’s amnesic patient. The
patient could not recall that her doctor had
once painfully pricked her with a needle when
shaking her hand, but nonetheless refused to
shake his hand again (1). Information that
fails to reach awareness can also guide behav-
ior in neurological patients who, as a result of
lesions of the brain’s sensory cortices, are

completely unaware of its existence. Evidence
for such “implicit” processing has come from
studies of vision, audition, touch, emotion,
and action (2), and has also been well docu-
mented in healthy people. On page 1786 of
this issue, a report by Tsushima and col-
leagues adds a new twist to the slowly unfold-
ing story of the impact of implicit processes
and offers a brain-based explanation (3).

Imagine performing a task that requires
full attention. If you had to do so in a normal
office environment, rather than a sound-proof
lab, you would likely predict that telephones
ringing and people rushing by your desk
would distract you more than would imper-
ceptible stimuli irrelevant to your task.
Tsushima et al. investigated the influence of
the strength of distracting stimuli on task per-
formance (see the figure). Contrary to expec-
tation, they report that subthreshold distract-

ing stimuli—that is, weak stimuli that are
irrelevant to the task being performed—have
a greater impact than strong, easily noticeable
distractors. The authors used a rapid visual
presentation task in which healthy partici-
pants had to detect two digits that appeared
very briefly in a central stream of six letters.
This stream of alphanumeric symbols was
surrounded by an annulus of randomly mov-
ing dots. Different proportions of these
dots—0 to 20%—moved coherently in the
same direction (the “signal”) during the trials.
The larger the proportion of these coherently
moving dots (the larger the motion coherence
ratio of the task-irrelevant background), the
more motion one perceives. Although higher
motion coherence should have impaired digit
identification more than lower coherence—
after all, motion tends to capture attention,
even inadvertently—performance was signif-

Invisible stimuli that are irrelevant to a task 
are more disturbing than visible distractors
because of failed communication in regions of
the brain that normally supress such responses.
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icantly worse at 5% coherence ratios than at
20%, where task performance was statisti-
cally similar to that observed at 0% coher-
ence. At 5% coherence, the task-irrelevant
motion had the most pronounced effect on
digit identification, although the subjects
were unable to discriminate the direction of
the motion signal at this low coherence ratio,
even when this was their only task. 

Moreover, magnetic resonance imaging
revealed that the human motion complex
hMT+, the brain’s visual cortical area that
responds preferentially to moving stimuli,
was more strongly activated at 5% coherence
than at higher coherence ratios. Because
stronger stimuli commonly evoke both ear-
lier and stronger cortical responses than
weak ones (4, 5), this result is surprising. The
authors relate it to the inverse relationship

they observed between activity in hMT+ and
in the lateral prefrontal cortex, an area
thought to play an important role in inhibit-
ing the influence of irrelevant signals. They
suggest that because of the weakness of the
5% coherent motion signal, this cortical
region fails to effectively inhibit the hMT+
response. Because it fails to “notice” the
hMT+ response, the lateral prefrontal cortex
fails to intervene, so that the weak motion
distractor can exert its disruptive effect on
performance, unchecked. 

Attention is thought to work through
amplification of task-relevant information
and/or suppression of task-irrelevant informa-
tion. Here, an indiscriminately weak distract-
ing signal seems to slip under the inhibitory
guard, and disrupts task performance more
than a much stronger distracting signal would.
Would the same result also be found in
instances of “inattentional blindness” (6)
where people fail to notice even very salient
events that are irrelevant to the task they per-
form—like a person in a gorilla suit walking

through a group of people playing ball (7)?
Our astonishing ability to overlook the gorilla
when we are focused on counting the number
of passes the players make may depend on it
being noticeable. Perhaps the counting of
passes would suffer more if a barely notice-
able event were to occur. Does attentional sup-
pression require visibility?

If “invisibility” makes distractors more
effective, does it make a difference whether it
is due to the physical weakness of the signal,
or to its inability to reach the subject’s aware-
ness? With subthreshold stimuli that are too
weak to be detected, weakness and unaware-
ness go hand in hand. But with strong, easily
detectable stimuli, one could attempt to disen-
tangle the relative effects of the subjects’
unawareness from those of the stimulus’phys-
ical properties, provided one presents strong

stimuli under conditions that render them
almost or even entirely invisible. 

Many studies have convincingly shown that
we often fail to notice even salient events.
“Masking,” where the presence of one or more
additional stimuli renders another stimulus
invisible (8), is an example of such “experi-
mental blindness” that might be adapted
to learn whether a masked distractor would
impair performance more than the masking
stimulus alone. As both the masking stimulus
and the masked stimulus are physically strong,
manipulations of this kind could be used to elu-
cidate whether it is the physical weakness of the
distractor, or rather the subjects’ unawareness
of its presence, that is responsible for the pro-
nounced effects that invisible stimuli appear to
exert on task performance in healthy subjects.
Furthermore, strong but task-irrelevant stimuli
could be presented to neurological patients
who, because of lesions of the sensory cortices,
can no longer consciously perceive them, to
learn whether these stimuli would disrupt their
performance in an unrelated task despite being

imperceptible. Both in healthy subjects and in
patients with lesions in the visual cortex, the
neural responses to physically strong stimuli
that fail to reach awareness have been shown to
be weaker than the neural responses that the
same stimuli evoke when they are consciously
perceived (9). Might such strong but impercep-
tible stimuli therefore also fail to be inhibited by
attention? Should they prove to be more effec-
tive distractors than task-irrelevant stimuli that
subjects can easily perceive, one could ask
whether the lateral prefrontal cortex that
Tsushima et al. call upon to explain the effect of
their weak distractor also fails to exert its
inhibiting effects on the neuronal response
evoked by strong but imperceptible stimuli. If
so, perhaps even the subconscious motives and
memories that affect our behaviors in so many
ways could eventually become attributed to
failures in interareal neuronal communication
of the kind described by the authors. 

Since Freud, much evidence shows that we
often fail to notice what is right before our
eyes, that our brain responses precede con-
scious volition (10), and that we make patently
false claims about our choices (11, 12).
Evidence like this is the reason why many
have come to doubt our intuitive certainty
regarding the causal role of consciousness
(13). At the same time, we have learned that
information that is no longer, or not at all,
accessible to consciousness guides our behav-
ior and affects the processing of stimuli of
which we are aware. The results of Tsushima
et al. go beyond confirming this. By showing
that invisible stimuli may affect performance
more effectively than stimuli that do reach
awareness, they shift the balance yet further
from conscious to unconscious processes. 
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Distraction paradox. (Left) When attention is focused on stimuli that vary in strength (gray disks), faint
stimuli evoke weaker neuronal responses than stronger ones, and task performance improves with stimulus
strength. (Right) When a different task, such as the identification of digits in a rapidly presented stream of
letters, has to be performed, digit identification is better with a strong distracting stimulus than with a weak,
imperceptible one.
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Science is about asking questions and finding
credible ways to answer them. Scientists and
engineers lay the foundation for practical appli-
cations of what is learned, and respond to needs
in the broader society, as well as our own
curiosity and passion for new knowledge.
Economists have attributed more than half of
the gains in gross national product
and up to 85% of the gains in per
capita income over the past several
decades to advances in science and
technology (1–3). Science works
best in a culture that welcomes
challenges to prevailing ideas and
nurtures the potential of all of its
people. Scientific ways of thinking
and of re-evaluating one’s views in
light of new evidence help stren-
gthen a democracy.

Many of us are confident that
the scientific community could
do even more if we are asked to
do so and if we organize to accel-
erate work toward major goals
for society. The AAAS theme,
“Grand Challenges and Great
Opportunities,” helped frame
the special 125th anniversary
issue of Science on “What Don’t
We Know?” (4) and an excellent
2006 annual meeting. 

The concept and promotion of
Grand Challenges can help ener-
gize not only the scientific and
engineering community, but also
students, journalists, the public,
and their elected representatives,
to develop a sense of the possibili-
ties, an appreciation of the risks,
and an urgent commitment to accelerate
progress. They can show the added value of
further major investments in research and
development and education at a time of intense

competition for federal funds. They can help
the United States sustain its competitive edge
in a global economy, while helping other coun-
tries to make big gains at the same time.

Curiosity about the worlds around us is an
innate feature of humans and a driving force
for science. To a variable extent, we are all curi-

ous about both the world of nature and the
nature of human societies. All species have
mechanisms for exploring their environments.
Regrettably, as young children progress and ask
lots of questions, too many parents and teachers
suppress that curiosity by ignoring or criticiz-
ing questions they cannot or are unwilling to
answer. Instead, we should feed that curiosity
and stimulate ourselves in the process.

To demonstrate the historical roots and
disciplinary breadth of the concept, I have
selected Grand Challenges in three categories:
(i) scientific and engineering fields, with
examples from mathematics, physics, environ-
mental sciences, and genomics; (ii) multidisci-
plinary research and development problems,
illustrated with green chemistry for sustain-
ability, energy security, control of global in-
fectious diseases, and international efforts to
reduce extreme poverty and hunger; and (iii)
science and technology to enhance public
understanding and decision-making about
risks to health and to economic competitive-
ness. Finally, I will discuss some schemes for
attracting people to Grand Challenges work.

Grand Challenges in Specific Fields
Mathematics. In 1900, a 38-year-old professor
from Göttingen, Germany, David Hilbert,
dared to define 23 “mathematical puzzles,”
which kept his contemporary and future col-
leagues busy for a century (5). As he said,
“Who of us would not be glad to lift the veil
behind which the future lies hidden; to cast a
glance at the next advances of our science and
at the secrets of its development during future
centuries?…A mathematical problem should
be difficult in order to entice us, yet not com-
pletely inaccessible, lest it mock at our efforts.
It should be to us a guide post on the mazy paths
to hidden truths, and ultimately a reminder of
our pleasure in the successful solution.” 

The problems ranged from mathematical
foundations and prime numbers to geometry,
algebraic number theory, and topology. Nearly
all have now been solved, or partially solved;
each mathematician I consulted has his or her
own tally! The solutions have generated addi-
tional challenging questions. A century later,
the Clay Mathematics Institute of Cambridge,
MA, has offered prizes of $1 million each for
solutions to seven problems; one is a carryover
from the original 23 (the Riemann Hypothesis).

Physics and astronomy. Last year we cele-
brated the centennial of Einstein’s magical
year of 1905, which saw his three stunning
publications on photons, Brownian motion,
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and special relativity (6). Only 11 years ear-
lier, in 1894, a prominent physicist, Albert
Michelson, had declared that physics was a
mature field and that “[t]he future of physics
lies in the 6th decimal place”—an extreme
form of filling in the details! Two years later,
Roentgen described ionizing radiation. Then
came Einstein, Rutherford, Bohr, and the cen-
tury of physics. Lists of Grand Challenges
have become a part of the informal educa-
tional process in physics and related fields.
As the late David Schramm noted (7), “The
study of the very large (cosmology) and the
very small (elementary particles) is coming
together.” In 2003, the National Research
Council Board on Physics and Astronomy
published a strategy for the intersection of
physics and astronomy: Connecting Quarks
with the Cosmos: Eleven Science Questions
for the New Century (7). These questions
sought to understand the creation of matter
and energy at the initiation of the universe,
the dark matter that pervades the cosmos, the
dark energy that appears to be causing the
expansion of the universe to accelerate, addi-
tional dimensions beyond four of
space-time, strong-field gravita-
tional physics, very-high-energy
cosmic rays, neutrino mass, and
extreme physics of black holes
and magnetized neutron stars.
Progress has been facilitated in
the past two decades by the
Hubble Space Telescope, an
example of the crucial role of new
technology in advancing scien-
tific concepts and experiments.

Environmental sciences. The
search for knowledge about the
impact of human societies on our
environment has gained in importance as
rapid population growth and economic
development intensify the stresses human
beings place on the biosphere and ecosys-
tems. Advances in biology, computer sci-
ences, and techniques for sensing biological,
physical, and chemical phenomena on,
below, and above the Earth’s surface could
help us develop a more sustainable relation-
ship with the Earth and its natural resources.

The National Science Foundation (NSF)
commissioned a National Research Council
report that selected eight Grand Challenges
(Table 1) from 200 nominations (8). These
were defined as “major scientific thrusts that
are compelling for both intellectual and prac-
tical reasons, offer potential for major break-
throughs on the basis of recent advances in
science and technology, and are feasible with

current capabilities, given a serious infusion
of resources.” The criteria comprised proba-
bility of significant payoff, large scope, rele-
vance to environmental issues, feasibility,
timeliness, and requirement for multidiscipli-
nary collaboration. 

There is a lot of practical value in learning
how natural systems work; how human activi-
ties and other influences perturb these sys-
tems; what causes these perturbations; how
changes in one system affect other systems;
and how knowledge may guide well-informed
choices about means of transforming or restor-
ing ecologic systems. 

Genetics and genomics. The life sciences
were fairly sleepy for a long time, with even
dramatic observations about heredity and
biochemistry making only a minor impression
between 1860 and 1944. Then McCarty,
MacLeod, and Avery’s critical experiment
showed that DNA, not proteins, carried the
molecular message of inheritance. Within a
decade, x-ray crystallography of DNA mole-
cules by Rosalind Franklin and Maurice
Wilkins and deductions about the role of

hydrogen-bonding of antiparallel strands of
DNA led James Watson and Francis Crick to
propose in 1953 the double-helical structure
for DNA and its functional implications. Once
the triplet code was cracked, the pace acceler-
ated remarkably, leading eventually to the
Human Genome Project. 

When the Human Genome Project was
proposed in 1986, it was ridiculed as impossi-
ble, absurd, mind-numbingly dull, even dan-
gerous, according to those who feared that the
15-year, $3 billion estimated price tag would
require sacrificing funds for individual
research projects to the lure of “big science”
(9). The U.S. Department of Energy charged
ahead with enthusiastic support from its advi-
sory committee and the Congress. The project
was then denounced as a scheme for unem-
ployed bombmakers! By 1988, however, a

National Academy of Sciences (NAS) panel
endorsed a stepped approach, mapping genes
on the chromosomes, vastly improving se-
quencing technologies, and sequencing the
smaller genomes of other organisms. These
intermediate goals permitted multiple impor-
tant successes, rather than a single target of fin-
ishing the human sequence. National Institutes
of Health (NIH) Director James Wyngaarden
enlisted Watson to head a special Office for
Genome Research, and NIH quickly took the
lead. In response to a congressional query
about potential risks of genetic knowledge,
Watson committed to allocate 3 to 5% of the
funding for research and conferences on ethi-
cal, legal, and social implications of the
Human Genome Project (ELSI). 

Competition between Craig Venter’s shot-
gun sequencing approach at the company
Celera Genomics and the international public
consortium (by then led by Francis Collins) at
NIH with many international colleagues
heightened public and political interest and
accelerated the pace, overcoming major tech-
nical hurdles. By now, the sequencing effort,

completed 2 years ahead of sch-
edule, has transformed biomed-
ical research. Additional large
collaborative projects have ana-
lyzed single nucleotide polymor-
phisms (SNPs) and linked genes
in haplotypes (the HapMap) for
variation within populations and
discovery of biomarkers of dis-
ease. Surprises include the rela-
tively low number of genes in
humans; the high frequency of
splicing of genes or messenger
RNAs; the generation of many
more proteins than the number of

original coding genes; the regulatory role of
small interfering RNA molecules; and the sig-
nificance of repeated triplet sequences in dis-
rupting protein function and causing degener-
ative neurological diseases.

Proteomics, systems biology, and drug
development. Grand Challenges abound in the
new era of biology. One of the largest is the
effort to detect and measure all of the proteins
in cells and in the blood. Proteins are the major
effector molecules of the cell—enzymes,
receptors, antibodies, and structural proteins.
Proteins undergo modifications that change
their functions, a huge range of concentrations,
and rapid changes in response to physiological
processes, diseases, and pharmacological and
nutritional stimuli. Proteomics is the study of
all the proteins, in analogy to genomics, the
study of all the genes. Characterization of a
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proteome, for example, the plasma proteome
(10), is more daunting than sequencing a
genome, even though proteomics gets a head
start from the gene sequence databases. One
valuable outcome of such efforts will be the
validation of proteins for clinical use as bio-
markers of diseases. 

The complemen-
tary Grand Challenge
of systems biology
(11) models the inter-
connected changes in
the whole cell. Genes,
messenger RNAs,
proteins, protein com-
plexes, and metabo-
lites, plus the mecha-
nisms that up-regu-
late or down-regulate
in-dividual genes or
proteins and the cor-
responding meta-
bolic or signaling
pathways in cell net-
works during devel-
opment, ag-ing, dis-
ease, and recovery
from disease, all
must be represented.
Computational tools
for these efforts and
for text and data min-
ing are still in devel-
opmental stages.
Modeling the path-
ways and networks
inside cells and between cells is an exciting,
open-ended domain. As part of the NIH
Roadmap (see below), seven National
Centers for Biomedical Computing have
been funded through participation of nearly
all of the NIH institutes. Results to be
expected from such centers include such
findings as a new class of fusion genes
(TMPRSS2/ETS) that seem to be critical to
development of prostate cancers (12).

The more we learn about the cellular com-
plexity of tumors (13) and the complex interac-
tions of receptor-mediated intracellular signal-
ing pathways, the more we may need to redirect
drug development research. Instead of seeking
a “magic bullet” that targets a single receptor,
pathway, or phenomenon, we may need to
simultaneously attack two or more pathways,
both for initial benefit and to prevent emer-
gence of resistant cells. This situation may be
analogous to multi-antibiotic regimens for
microorganisms that are prone to develop
resistance to therapy and may force a rethink-

ing of clinical trials for U.S. Food and Drug
Administration approvals. 

Another challenge for drug development is
the heterogeneity of patients and the hetero-
geneity among what appear to be similar
tumors under the microscope. If a drug works

well in only 10 to 20%
of patients with lung
cancers, for example,
a pharmacogenomic
test that identifies those
patients and excludes
the others would be
better for the patient
and those paying for
the treatment. The
challenge is to learn
whether the same mec-
hanism might account
for some percentage
of cancers of the colon,
breast, pancreas, and
prostate, so that the
total number of cases
that could be specifi-
cally and effectively
treated becomes large,
even though drug use is
restricted to those able
to respond. 

Genomic and pro-
teomic analyses are
being applied also to
the differentiation of
embryonic stem cells
into nerve, blood, and

muscle cells. Understanding how stem cells
develop is one of the most basic challenges in
biology. Powerful new molecular methods
will accelerate this work and, hopefully, its
clinical applications. 

Grand Challenges in Multidisciplinary
R&D
Chemical R&D for sustainability and energy
security. The National Research Council
Committee on Grand Challenges for Sustain-
ability in the Chemical Industry in 2005
defined sustainability as “a path forward that
allows humanity to meet current environmen-
tal and human health, economic, and societal
needs without compromising the progress and
success of future generations” (14). Their
eight priorities are listed in Table 2.

This agenda is part of the Grand Chal-
lenge to mitigate the expected large-scale,
adverse consequences of well-documented
greenhouse gas accumulation and global
climate change. The seventh item offers for-

midable thermodynamic challenges to com-
bine basic and applied research to “decar-
bonize” our energy usage and change the
environmental balance of carbon dioxide
(CO2) through uses of CO2.

As advocated in a 1991 NAS report chaired
by former Washington Governor Dan Evans,
many of the climate-change mitigation actions
should be pursued aggressively to decrease our
dependence on oil and gas, even if climate
change were not a problem. More than 30 years
ago, I had the privilege of serving as a key staff
person, while a White House Fellow assigned
to the Atomic Energy Commission, for the
report “Our Nation’s Energy Future” (15). That
report was a clarion call for technological
advances in five domains. The first priority,
reflecting the early payoff from all energy
sources, was much higher efficiency in burn-
ing fuels, by using gas turbines and other inno-
vative combined technologies; this is the tech-
nological counterpart to reduced use of energy
and fuels. Next came more extensive recovery
of oil and gas from established fields; clean
coal technologies; safe operation of nuclear
fission reactors and acceptable disposal of
nuclear wastes; and finally, the longer-term
technologies for solar, wind, geothermal, and
nuclear-fusion energy sources. Regrettably,
this agenda has remained fresh for three
decades. It is past time to dedicate sustained
effort. The urgency for energy security is
greater than ever, as reflected in the world map
of sources of most imported oil. 

Given the rapid growth in energy demand
by China, India, and other developing coun-
tries and continued growth in well-developed
economies, we will need a broad array of
energy sources with improved technologies
for every aspect of their life cycle. As a gen-
eration of nuclear reactors is coming to the
end of their expected lifetimes, our country
must decide how to keep nuclear energy in
our mix. As noted by my successor as AAAS
President, John P. Holdren, we need a bal-
anced portfolio of energy sources (16).
Currently, about 20% of our electricity is
generated from nuclear reactors. Nuclear
energy and its radioactive wastes must be
managed safely and at a competitive price. 

A peculiar challenge for the United States
is limited access to natural gas. As demand has
increased as a result of residential and in-
dustrial heating switching to gas without
increases in the numbers of pipelines or termi-
nal facilities needed to supply this country,
prices have increased, with special vulnerability
from the concentration of facilities offshore
near New Orleans. The chemical industry,
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Biogeochemical cycles (nutrient 
elements C, O, H, N, S, P and 
regulators K, Ca, Mb, Fe, Zn) and 
their perturbations

Biological diversity and ecosystem 
functioning

Climate variability—local and regional

Hydrologic forecasting—floods, 
droughts, contamination

Environmental changes as selection 
agents on pathogen virulence 
and host susceptibility to infections

Markets, treaties, and rules to govern 
resource extraction and waste disposal

Land use and land cover dynamics

Reinventing the use of materials/nearly 
complete recycling
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which depends on natural gas as a feedstock
for major classes of chemicals, for decades
was our leading generator of profitable
exports, and later second only to airplanes.
Now that industry has been hit with both high
energy prices and high feedstock prices; com-
panies are siting new facilities anywhere but in
the United States. As noted in the Wall Street
Journal (17), using precious natural gas for its
lowest-value application (space heating)
reflects disjointed energy policy at the national
level both in the private sector and in govern-
ment. Perhaps such a policy reflects inade-
quate input from chemists, chemical engi-
neers, and economists.

Global infectious diseases. The Gates Foun-
dation Grand Challenges in Global Health
Initiative was launched in 2003 to harness the
power of science and technology to dramati-
cally improve health in the world’s poorest
countries (18). Its roots lie in the Great
Neglected Diseases of Mankind Program of
The Rockefeller Foundation from 30 years ear-
lier. The initiative seeks scientific break-
throughs for preventing, treating, and curing
diseases that annually kill millions of people,
especially children, in developing countries. 

The Gates Foundation looked for “a spe-
cific scientific or technological innovation
that would remove a critical barrier to solving
an important health problem in the developing
world with a high likelihood of
global impact and feasibility.”
Based on 1500 suggestions
from more than 1000 scientists
from around the world, 14 Grand
Challenges were identified (Table
3). Awards for 43 projects, involv-
ing collaborators in 33 countries,
were made in 2005 from a fund
with nearly $500 million from the
Gates Foundation, in collabora-
tion with the Foundation for the
National Institutes of Health,
the Wellcome Trust, and the
Canadian Institutes of Health
Research. The Challenge has
generated tremendous interest
and high ex-pectations.

Solutions could transform
health in the world’s poorest coun-
tries by bringing state-of-the-art
solutions to people who need
them most. Some projects are
focused on adapting existing
health tools, like sophisticated
laboratory tests, to novel technol-
ogy platforms practical in settings
of developing countries. Others

seek to fundamentally redefine our under-
standing of how to prevent and treat disease,
with entirely new vaccines and drugs. Many
projects are applying cutting-edge technology
that has never before been used to advance
global health. For example, the challenge to
“improve nutrition” includes work of the
Donald Danforth Plant Research Center on
cassava, a staple crop with excellent nutritive
value, plus value as a biomass fuel source,
should there be excess production. Some of
these same technologies will be helpful for
diseases now at epidemic levels in the United
States, including hepatitis C and HIV/AIDS.

The U.N. Millennium Development Goals
for 2015. The U.N. Millennium Goals aim to
combine science and technology, community
organization, empowered women, and donor
interest after an unprecedented political com-
mitment at the United Nations in 2000 to over-
come the most extreme problems of poverty
and hunger in various regions of the world (19,
20). The goals are people-centered, time-
bound, measurable, and, hopefully, achievable
with sustained political support. 

The U.N. partnership for development
(Table 4) would have an open trading and finan-
cial system; tariff and quota-free access for
their exports; enhanced debt relief; more gener-
ous official development assistance for coun-
tries targeting poverty reduction; special efforts

for landlocked and small-island developing
states; decent, productive work for youth;
access to affordable essential drugs; and mod-
ern technology, especially Internet and telecom.

At the AAAS R&D Policy Forum in April
2005, Lael Brainerd of The Brookings
Institution presented a comprehensive plan for
engagement of all categories of science and
technology development in this mission.
Jeffrey Sachs and many others addressed these
goals at the AAAS 2006 Annual Meeting.
However, recent progress has been extremely
uneven; there is very good improvement in
Asia and East Asia, but considerable worsen-
ing in sub-Saharan Africa.

Science & Technology to Help Address 
Societal Risks
Chemical hazards. A well-developed frame-
work has been created since 1970 to identify
potential hazards, characterize the risks, and
propose actions to reduce risks associated with
human or ecosystem exposures to chemicals.
In many cases, there is uncertainty from haz-
ard identification studies whether a particular
chemical causes harm or not, especially for
humans. Even when there is indisputable evi-
dence of adverse health effects at high expo-
sures in rodents, or in highly exposed workers,
risk assessors are generally asked to estimate
the risks at exposures far below levels at which
such effects can be observed. Thus, it is no sur-
prise that experts disagree, but the public and
the media often find such admissions unsatis-
factory. A decade ago a Presidential/Con-
gressional Commission on Risk Assessment
and Risk Management examined the many
scientific and policy aspects of regulation
of chemicals and proposed a comprehensive
framework (see the figure on p. 1703). The
special features were the insistence on early,
proactive engagement of stakeholders and the
guidance to put each problem into a public
health context (21, 22). “Context” means mov-
ing beyond analysis of just one chemical in one
environmental medium (air, water, soil, food)
for one health effect (cancer, birth defect, etc),
as required by individual statutes, to a compre-
hensive public health analysis. There are many
approaches to the complementary challenges
of risk communication and risk management,
but the critical element is hearing and respond-
ing to the questions people want addressed.
Affected people often have more pragmatic
suggestions for how to reduce risks than do
experts or regulators who assume worst-case
scenarios. Experts further complicate the mes-
sage when risks are stated with indefensible
precision (like “2.437 × 10−4 upper-bound
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Green chemistry to reduce waste streams, by 
substitution and catalytic efficiencies

Life cycle analysis to compare total environmental 
impact of products and processes

Toxicology of fate and effects of all chemical 
inputs and outputs

An energy mix of fuels from multiple renewable 
sources

Chemical feedstocks from renewable sources, 
especially biomass

Reduced energy intensity of chemical processing

Separation, sequestration, and utilization of 
carbon dioxide

Science literacy and education about sustainability 
throughout the public
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lifetime risk”). Accurate communication about
probabilities is difficult for most people, includ-
ing health care professionals who get questions
from patients. Lay people regularly challenge
risk assessors to examine the chemical soups
that we breathe, drink, eat, and touch. It is feasi-
ble and useful to test real-world mixtures like
diesel exhaust and polluted air (21, 22).

Diet and hormones. Diet poses one of the
most confusing challenges regarding human
health. I led a large cancer-prevention trial with
18,314 men and women at high risk for lung
cancers due to cigarette smoking with or with-
out occupational exposure to asbestos. We
tested whether daily doses of the vitamins
beta-carotene and vitamin A could
reduce the incidence of lung can-
cers. The stunning results were
that there was no benefit and, fur-
ther, there was harm—increases
in the rates of lung cancers and
rates of overall deaths and cardio-
vascular deaths (23, 24). A com-
plementary study of beta-carotene
in 29,000 smokers in Finland
showed no benefit and similar
harm (25). These findings stimu-
lated a new generation of labora-
tory research on underlying car-
cinogenic mechanisms. 

The Women’s Health Initiative
was a huge trial with 160,000
women launched in the early
1990s by the NIH to study possi-
ble benefits of a reduction of total
fats in the diet on heart disease,
breast cancer, and colon cancer
risks. No such benefits were
demonstrated (26). Most likely,
certain kinds of fats are harmful,
while others are fine. The same
trial found net harm for most
women from the long-term use of hormone-
replacement therapy (27). The new evidence
was frustrating for patients, juicy for journal-
ists, and irritating to doctors, who thought they
had been giving well-founded guidance to
their patients. The resulting call for individual-
ized decision-making is a logical, but chal-
lenging, task in a busy doctor’s office. 

Microbial hazards: Influenza. At the 2005
AAAS annual meeting, U.S. Centers for
Disease Control (CDC) Director Julie Gerber-
ding warned of the risks of a lethal influenza
pandemic like the 1918 flu that claimed at least
20 million—probably 50 million—lives when
the world’s population was one-fourth of the
number today. During the past 2 years, H5N1
flu strains have been causing infections and

deaths in millions of chickens and other birds.
By February 2006 several dozen human deaths
from avian flu had been reported, primarily in
China, Vietnam, and Thailand. Birds are
afflicted in Nigeria, Turkey, and several
European and former Soviet Union countries.
Living intimately with infected birds is the
main route of infection for the relatively few
humans affected so far.

Control requires timely and open coopera-
tion among nations. Remarkable improve-
ments in rapid PCR (polymerase chain reac-
tion)–based testing for H5N1 viruses in birds
and humans now permit real-time monitoring
and much more effective surveillance, timely

culling of poultry, and potential timely use of
vaccines and antiviral drugs, where available,
if needed. Nevertheless, experts are anxious
and determined that we step up our prepara-
tions, contingencies, and political will (28, 29).

Are we ready? The World Health Org-
anization, the NIH, CDC, and Department of
Homeland Security in the United States, and
counterpart agencies in other countries, are
doing many things right. The grand challenge is
to understand what is required for an avian flu
strain to mutate sufficiently to be transmitted
from birds to humans and from humans to
humans, and to be lethal in humans. These
questions are being actively investigated. The
1918 virus has been reconstituted, and new vac-
cine production methods that bypass the

months-long, nonstorable preparation of viral
antigen in chicken eggs seem promising, but
will take years to test fully. Adjuvants are being
tested in combination with the viral antigen(s)
to try to reduce the dose of vaccine required,
thereby covering many more people with the
same supply. Legal, ethical, and organizational
aspects are being explored, including involve-
ment of the Council on Foreign Relations and
the Royal Institution World Assembly. A pan-
demic in which large numbers of health care
personnel would fall ill could become chaotic
and catastrophic. Finally, the competition
among nations and within nations for access to
drugs and vaccine in shortage circumstances

could become ugly. In sum, this
is a really big hazard, with quite
uncertain probabilities and un-
known timing. 

Countering terrorism. Immed-
iately after the September 11,
2001, terrorist attacks on America,
the NAS undertook an urgent,
multifaceted analysis of what sci-
ence and technology, broadly
engaged, could do in Making Our
Nation Safer: The Role of Science
and Technology in Countering
Terrorism (30). The Academies
did not wait for a request or a con-
tract for a long-term study. The
leadership recognized that the
nation needed the scientific com-
munity to step forward and create
a blueprint for a comprehensive
program that would take advan-
tage of available technologies and
ongoing R&D, and also invest in
new R&D and technology assess-
ment. One element was the capa-
bility to create psychological pro-
files of potential terrorists. This

timely report of multiple working groups was
welcomed by the Bush Administration, and
helped ensure high-level positions for R&D
and for technology in the eventual Department
of Homeland Security. Unfortunately, the rec-
ommendations have been applied incom-
pletely since the first year. 

The risk of bioterrorism became real in
October 2001, when anthrax spores were mailed
to congressional offices and contaminated sev-
eral postal facilities. In response, our country
has made a large, appropriate investment in the
sciences of counterbioterrorism. One of the
most sensitive issues about microorganisms
with high toxicity for humans or plant crops or
agriculturally important animals is whether
some kinds of research should be secret and not
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published in the open scientific literature.
Sharing methods, databases, and strains greatly
facilitates collaborative research advances, at
the same time raising fears. 

A dramatic example is the reconstitution
of the influenza virus thought to have been
responsible for the 1918 pandemic. We need
such knowledge and techniques to accelerate
development of new influenza vaccines in a
race against the spread of the virus across the
world. But potent new technologies raise the
dual specter of inadvertent release and of
deliberate misuse by terrorist states, organi-
zations, or even individuals. For examples,
RNA interference (the discovery that won the
2006 Nobel Prize in Physiology or Medicine)
that can silence specific genes; synthetic biol-
ogy to produce novel proteins; nanomaterials;
and informatics permit specific modifica-
tions of microorganisms and potentially of
human targets unimaginable just a few years
ago. The National Academies report Glo-
balization, Biosecurity, and the Future of the
Life Sciences (31) documented extensive life-
sciences research around the world. It
focused on these technologies. 

Disaster resilience. Even before
Hurricanes Katrina and Rita hit the
Gulf Coast, the National Research
Council Disasters Roundtable con-
vened its 12th Workshop in 2004
and published in 2005 Creating a
Disaster-Resilient America (32).
They defined Grand Challenges as
“fundamental problems in S&T whose solu-
tion can be advanced by coordinated and sus-
tained investments in research, education,
communication, and application of knowledge
and technology.” Such investments would aim
to reduce the loss of life and property from nat-
ural, technological, and human-induced disas-
ters. The emphasis is predictive capability and
preparedness to minimize effects of disasters.
Examples are building codes in earthquake-
prone regions in California, which greatly
reduced casualties in the San Francisco Bay
area in 1989, compared with a similar-magni-
tude earthquake in Georgia of the former
Soviet Union that claimed about 100 times as
many lives that same year; the trans-Alaska
oil pipeline’s successful design that with-
stood a magnitude 7.9 quake in the Denali
Fault in November 2002; and the buildings in
Washington State that sustained only very lim-
ited damage after the magnitude 6.8 Nisqually
earthquake in February 2001. 

In general, we have been foolish to per-
mit, and even to financially assist, return of
displaced populations to floodplains and

earthquake-prone regions. We clearly lack
comprehensive planning and the political
will to prevent recurrences of these disasters.
Maybe we don’t marshal the scientific and
engineering evidence at timely points in the
process. Along the Mississippi River, one
might inquire how well the building codes and
emergency preparedness plans protect against
major consequences from long-awaited earth-
quakes in this region. The Mid America
Earthquake Center at the University of
Illinois–Urbana/Champagne has an active pro-
gram in this area. The underlying principle, of
course, is Benjamin Franklin’s expression, “An
ounce of prevention is worth a pound of cure.”
How true that might have been in New Orleans! 

Katrina and the aftermath. As emphasized
in the Disaster Resilience report and demon-
strated tragically soon afterward in New
Orleans, disaster mitigation requires inte-
grated, long-term processes that combine
technical with organizational, social, and
economic dimensions to deliver the four
R’s: robustness, redundancy, rapidity, and
resourcefulness. The hurricane-associated

floods and their aftermath revealed the conse-
quences of neglected engineering upgrades
and lack of preparedness and coordination at
all levels of government. They also laid bare
deep-seated social, economic, and political
disparities along racial lines. We repeat history
and do not learn its lessons. The Great Flood of
1927 that inundated parts of many states along
the Mississippi River might have prepared us
to prevent the New Orleans debacle.

Comprehensive scientific and engineer-
ing guidance and strategic national invest-
ment should restore the protective wetlands
south of New Orleans; unfortunately, these
wetlands had been permitted to recede over
many years, which reduced the area’s capac-
ity to withstand flood surges. Meanwhile, the
Mecca for Music and the Arts mega-project
proposed by New Orleans native Wynton
Marsalis and the Bring Back New Orleans
Cultural Committee may help rekindle the
spirit of the city and its special place in the
cultural heritage of our country.

Risks to the economy. Senators Lamar
Alexander and Jeff Bingaman during 2005

tapped the scientific community for urgent rec-
ommendations on how to enhance our eco-
nomic competitiveness. The resulting report
from the National Academies, Rising Above The
Gathering Storm (1), recommends that billions
of dollars be invested for better teaching of math
and science and for sustained growth in fed-
eral support of R&D, including an Advanced
Research Projects Agency–Energy program. It
also calls for easing access of foreign scien-
tists to this country as visitors, students, and
permanent residents, and continuation and
expansion of the tax credit for R&D by corpora-
tions. Together with the Council on
Competitiveness, this report galvanized biparti-
san proposals in the Congress. The AAAS
Board wrote to President Bush urging action.
Thus, it was gratifying to hear the president sup-
port math and science teaching, increased budg-
ets for physical sciences, and renewal of the
expiring R&D tax credit (33). The education
component would begin to address the “quiet
crisis” Shirley Ann Jackson discussed in her
2005 AAAS presidential address (34): pro-
jected extreme shortages of well-prepared

women and men to pursue careers
in science and engineering, just as
the knowledge-based world econ-
omy demands high skills. 

Despite the catchy title of
Tom Friedman’s book, The World
Is Flat, we are a long way from a
level playing field globally or
within any country. Neverthe-

less, the effects of globalization, instant com-
munication, and outsourcing of tasks have
created grave uncertainty about the competi-
tiveness of our companies and our work-
force for the long term. Freeman Dyson told
the University of Michigan graduates in
2004 that—just like France, Spain, and Great
Britain—America’s time as the dominant
country in the world will be limited. My
response is that a cooperative future should
be our goal, rather than a future dominated by
one new economic or military superpower.

Anti-science attacks. Ever since Darwin’s
original writings, the intersection of various
religious beliefs about the origins of the world
and of humans with observations of natural
selection for reproductive advantage has stim-
ulated speculation, debate, and periods of
intense conflict. The literature on this subject is
rich and fascinating. For examples, Ursula
Goodenough has written of the Sacred Depths
of Nature and “the epic of evolution” (35), and
Randolph Nesse and George Williams have
addressed Why We Get Sick from the viewpoint
of evolutionary biology (36, 37).
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Some of our problems arise from misunder-
standings about specific words. In science,
the term “theory” carries connotations of ele-
gance and a strong evidentiary basis. The
“theory” of evolution is ranked together with
the theory of gravitation. To most laypersons,
however, “theory” is closer to
“speculation.” Thus, we should rec-
ognize by now that it is a diversion-
ary battle to insist on explaining the
meaning of “theory” when we
should be explaining the meaning
of evolution and of natural selec-
tion. Darwin used the phrase
“descent with modification,” but
the sound-bite of “survival of the
fittest” has long conjured up
images unrelated to reproductive
fitness. Finally, when applied to
evolution, the terms “random” and
“chance” can irritate those who cel-
ebrate the remarkable designs in
nature, however they arose. The
results of natural selection are not
random; it is mutations that may
arise in random fashion, although
not all mutations are equally likely
at the molecular level. 

The good news is that we are
successfully turning the attacks on
the teaching of evolution to our
advantage, helping many more peo-
ple, including scientists, to learn
more about evolution and, more
broadly, learning more about sci-
entific ways of thinking. In 1984
and 1999, the NAS issued reports
on Science and Creationism and in
1998 on Teaching about Evolution
and the Nature of Science. An
update will be issued in 2007.
Evolution is the most important
single concept in biology and is
essential to understanding geology
and astronomy.

Evolution is an ongoing pro-
cess, highlighted as the 2005 Break-
through of the Year by Science (38) in recogni-
tion of new results that show natural selection
in action. In our own academic community of
Ann Arbor and the adjacent blue-collar city of
Ypsilanti, Michigan, this year’s combined
Community Reads book selection is The Beak
of the Finch by Jonathan Weiner (39). The book
has engaged thousands of local people in semi-
nars and courses on the theme of Revolutions in
Science: the people, theories, explanations and
discoveries that challenged our thinking and
changed the world. Weiner describes the work

of Rosemary and Peter Grant, modern evolu-
tionists painstakingly studying 13 species of
Darwin’s finches for 33 years on the island of
Daphne Major in the Galápagos. They are
doing what Darwin could not do—going back
to the Galápagos year after year, seeing there

what Darwin did not imagine could be seen at
all in brief periods of time. 

Darwin marshaled an enormous amount of
evidence that evolution has occurred, but he
never saw it happen. He was in the Galápagos
(for just 5 weeks) only once during his 5-year
voyage on the H.M.S. Beagle. In On the
Origin of Species, he described natural selec-
tion as “silently and insensibly working, when-
ever and wherever opportunity offers…We see
nothing of these slow changes in pro-
gress…we see only that the forms of life are

now different from what they formerly were”
(40). Evolutionists are now observing evolu-
tion of species in real time on isolated island
laboratories around the globe. 

The power of direct observation and the
testing of hypotheses drive us to challenge

unexpected findings until they can-
not be explained away. Such logi-
cal thinking is the opposite of
learning a catechism. The pressure
on teachers to ignore evolution or
lump it with a particular religious
view of “creation science” or its
reincarcation “intelligent design”
is harmful. It first neglects the be-
liefs and views of many other reli-
gions and cultures and then usurps
the already-limited time to interest
children and their families in the
math and science essential to their
being prepared for good jobs and
effective citizenry in the knowl-
edge-based, technological economy
of this new century. The AAAS
Board has taken a strong stand in
denouncing anti-science legisla-
tion and mixing of religion and
science in the science classroom.

We now have a comprehensive
verdict on the matter of the teach-
ing of evolution in the schools from
Judge John E. Jones III of the U.S.
District Court in Pennsylvania in
the case of Kitzmiller et al. v. Dover
School District et al. (41). He made
clear that intelligent design is a
direct descendant of creation sci-
ence and should have no standing
in a science classroom. I strongly
share that view. I would add that
many scientists are themselves reli-
gious and compartmentalize their
professional activities and their
religious beliefs. As Daniel Boorstin
quoted Goethe in The Seekers—
The Story of Man’s Continuing
Quest to Understand His World,

“When we do science, we are pantheists; when
we do poetry, we are polytheists; when we
moralize, we are monotheists.” The AAAS has
been very active in these matters, including a
highly successful Forum with and for high
school science teachers, Evolution on the
Front Line, and the AAAS Dialogue on
Science, Ethics, and Religion (DoSER).

Mobilizing for Grand Challenges 
All Americans are familiar with the highest-
visibility Grand Challenges of recent decades.

Grand Challenges3

Global Health

Improve childhood vaccines
    Create effective single-dose vaccines useful soon after birth 
    Prepare vaccines that do not require  refrigeration           
    Develop needle-free delivery systems

Create new vaccines
    Devise reliable tests for live-attenuated vaccines in 
    model systems 
    Solve how to design antigens for effective protective immunity
    Learn which immunological responses are protective

Control insects that transmit disease agents
    Develop a genetic strategy to deplete or incapacitate a 
    disease-transmitting insect population
    Develop an analogous chemical strategy 

Improve nutrition
    Create a full range of optimal, bioavailable nutrients in a 
    single staple plant

Improve drug treatment of infectious diseases
    Discover drugs and delivery systems that minimize emergence 
    of drug-resistant microorganisms

Cure latent and chronic infection
    Create therapies to cure latent infections
    Create immunological methods that can cure latent infection

Measure health status accurately and economically in 
developing nations
    Develop technologies that permit quantitative assessment of 
    population health
    Develop technologies that allow assessment of individuals for 
    multiple conditions or pathogens at point of care
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They had well-defined, readily understood,
time-limited goals and support from the highest
levels politically: Franklin Roosevelt’s assign-
ment to develop and test a nuclear bomb in the
Manhattan Project before the Nazis did so;
John F. Kennedy’s call in 1961 “to put a man on
the moon and bring him safely home by the end
of the decade”; and the sequencing of the
Human Genome DNA within 15 years. 

Less visible Grand Challenges have in-
cluded directed research under the Defense
Advanced Research Project Agency (DARPA),
founded after Sputnik in 1958, which has been
judged so often successful that proposals peri-
odically emerge to try similar high-risk, high-
payoff, highly directed approaches in energy
R&D and in biomedical research; the construc-
tion of major physics and astronomy facilities
to advance particle physics and studies of the
universe; and the War on Cancer, which set out
in 1971 to enhance survival and prevent new
cancers, an elusive target, despite quite remark-
able growth in knowledge about cancer biology
and some dramatically effective therapies.

All of these initiatives had clear R&D pri-
orities backed up by substantial, sustained
investments by the federal government and by
universities, companies, and states committed
to shared goals.

NIH Roadmap. In the biomedical domain,
the NIH and the biomedical research commu-
nity supported by NIH have met high standards
for excellence and progress in generating
knowledge and in bringing physical sciences,
engineering, and informatics together with the
new biology. The aim now is to achieve a more
predictive, personalized, and preventive sys-
tem of health care, especially for com-
plex common diseases. Both a
NAS committee (42) and
the NIH Director, Elias
Zerhouni, concluded
that NIH as a whole
could do more than
NIH as a loose federa-
tion of 27 institutes and
centers, mostly focused
on different sets of dis-
eases. Thus, the NIH
has launched an institu-
tional experiment, starting
with just 0.5% of the $28-billion
NIH budget in 2004, called the NIH
Roadmap for Medical
Research (43). The
Roadmap recognizes
revolutionary changes
in the underlying sci-
ence and technology,

risk factors and treat-
ments that in-fluence
multiple different
common diseases that
are investigated by
different institutes of
the NIH, and barriers
to translating results in
the laboratory into
studies and results in
patients. The Road-
map is organized to
exploit new pathways
to discovery (genom-
ics, proteomics, com-
putational biology), to
re-engineer the clini-
cal research enterprise
(integrating training,
clinical research cen-
ters, clinical research,
and innovations in
clinical care), and to
build highly inter-
disciplinary research
teams to achieve scale
and complexity in
research, while pre-
serving the investigator-initiated foundation of
biomedical and behavioral research.

Meanwhile, the not-for-profit Howard
Hughes Medical Institute, which directly sup-
ports 320 of the world’s most outstanding sci-
entists, has adopted a complementary strategy
for “big science” to meet the Grand Challenge
of exploiting multidisciplinary approaches to

disease processes. Their 700-acre Janelia
Farms Research Center in Virginia

features advanced instru-
mentation, powerful

computational capa-
bility, and a very
active visiting sci-
entists program. Their
models are the
famously productive
Medical Research
Centers of Great
Britain and the Bell
Labs in their heydays.

Posing challenging
questions. To celebrate the 125th

anniversary year of Science, the edi-
tors created a 1 July
2005 special issue
with 125 questions
about “What Don’t
We Know?” (4). These
questions cover a

great diversity of
challenges in various
fields. Like Hilbert’s
puzzles, these ques-
tions should stimulate
scientists in numerous
fields to step up, take
some risks, and reach
beyond the horizon. 

Much broader ques-
tionsarise from the pol-
icy and social ends of
the spectrum. Why do
we accept combustion
methods that waste the
majority of the energy
generated? Why do we
tolerate excessive use
of depletable fossil fuels,
especially in light of
global warming? Why
are we paralyzed about
nuclear energy over
questions of safer op-
erations and manage-
ment of highly radio-
active wastes? 

Why do we tolerate
the poor performance of our educational sys-
tem? We know that there are excellent school
systems and individual schools, teachers, prin-
cipals, and students that perform at outstanding
levels. The AAAS Project 2061 on Science
Literacy for All Americans has provided, in col-
laborations with science teacher organizations,
standard-setting groups, and selected school
districts, spectacular materials for schools to
utilize. The Congress enacted the No Child Left
Behind Act. Yet we seem to be failing to achieve
higher performance, let alone excellence, on
any significant scale in this diverse country. 

What can we do to bring fresh ideas to our
persistent failure to emphasize prevention
and health promotion and to achieve universal
coverage in our health care system (44)?
Can our research yield credible designs to
reduce the burden of employer-based health
insurance costs, especially for companies
competing globally?

Internationally, we face the consequences
of lack of curiosity and ignorance about people
of different cultures, different religions, and
different world views. How can we change this
situation in settings ranging from our K-12
(kindergarten through 12th grade) and higher-
education communities to our national intelli-
gence apparatus? 

Prizes. In addition to the well-known
Nobel Prize, the Lasker Awards, the Wolf
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Engage
Stakeholders

Problem/
Context

Risks

Options

Decisions

Actions

Evaluation

Commission’s Six-Stage Framework for Risk
Management. Note the central role of stakehold-
ers in setting the context and guiding the technical
assessments. The arrow is removed from stage six so
as not to encourage “paralysis by analysis.” [Adapted
from (21)]

Grand Challenges

UN Development Goals for 2015

Eradicate extreme poverty and hunger

Achieve universal primary education 
for boys and girls

Promote gender equality and empower
women

Reduce child mortality rate before 
age 5 by two-thirds 

Improve maternal health and reduce 
mortality ratio by 75%

Combat HIV/AIDS, malaria, and other 
diseases

Ensure sustainability, increasing access 
to safe drinking water

Develop a global partnership for 
development

4
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Prize, the General Motors Cancer Prizes, and
our own awards at the AAAS annual meeting
recognize research excellence. A memorable
award was the Waterman Award, for work by
a scientist before age 35, to Richard Muller of
the Lawrence Berkeley Laboratory in 1978.
He had completed three groundbreaking
projects in the separate fields of astrophysics,
optics, and radio-dating. The award cited the
fact that his projects were so far beyond con-
ventional wisdom and contemporary knowl-
edge that his peer-reviewed research grant
proposals had been rejected by several agen-
cies, including NSF, which made the award!
Muller had been supported on institutional
funds at the Lawrence Berkeley National
Laboratory by the director, Walter Alvarez,
who recognized enormous potential and
compelling ideas in a young scientist. 

Special prizes can bring public attention to
a challenge. A classic example is the enormous
prize offered by the British Parliament in 1712
for a practical measure of longitude (45). The
Ansari Project X offered $10 million to the first
team to achieve space flight with private funds;
the winner was a group assembled by Paul
Allen, who probably responded to the competi-
tion more than the money! A DARPA chal-
lenge required robots to be designed to traverse
difficult terrain; none succeeded in the first
year, apparently due to misperceiving creosote
plants as boulders, but four did so in the second
round. The seven Clay Mathematics Prizes are
awaiting solutions. Remarkably, the first recog-
nized to be solved, the Poincaré Conjecture, by
Grigori Perelman of St. Petersburg, led to com-
plications from the rules requiring peer-
reviewed publication and then rejection of the
funds by the reclusive mathematician (46). The
Methusaleh Foundation has posted a $3 mil-
lion reward for a dramatic increase in longevity
in an experimental animal model. An Eli Lilly
Company spinoff, Innocentive Inc., uses the
Internet to pose problems for scientists or engi-
neers anywhere on the planet to solve, with
specific payoffs from $5000 to $100,000 for
those first to submit a documented solution or
product that meets the explicit criteria of their
client. The Grainger Challenge Prize for
Sustainability, administered by the National
Academy of Engineering, offers $1 million,
$200,000, and $100,000 prizes for the best
low-cost household devices to make
arsenic-contaminated drinking water safe
in developing countries (47).

Closing Remarks
In tight budget times, the peer-review process
for research funding becomes more cautious

than ever, requiring more so-called prelimi-
nary data until the project is nearly done
before it is proposed. This situation disadvan-
tages young people seeking their first grants
and established scientists with fresh ideas. A
public process of eliciting and publicizing
Grand Challenges in various fields may be an
antidote to this overly conservative trend (48).
We should dare to study hard problems, indi-
vidually when feasible, and in teams when the
challenge demands multidisciplinary effort.

As an organization with many effective, but
largely unconnected, programs and activities, I
think the AAAS could play a larger role in this
process, partly by taking advantage of the activ-
ities and outputs of our own programs, commit-
tees, sections, and affiliates. The NAS have
demonstrated that they can step up on urgent
matters, with the Counter-Terrorism report in
2002 and Rising Above The Gathering Storm in
2005. In their own fields, the scientific and
engineering societies could do the same and
join to address broader challenges. 

I am certain the public and the media will
be interested. And I am hopeful that young
people will understand better what we do and
what we hope to achieve in science and tech-
nology as they consider their own career
prospects. Finally, I hope we can entice our
political leaders, regionally and nationally, to
call upon the scientific community to step up
on these and other Grand Challenges.
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Happy Holidays

Wishing you a joyous, peaceful, and healthy 
holiday season and New Year.
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COMETS ARE FABLED HARBINGERS OF DOOM, BUT MANY OF US WILL REMEMBER 
more fondly the peaceful visits of comets Hayakutake and Hale-Bopp to our skies
in 1996 and 1997. These wanderers of our solar system spend most of their time in
its cold outer reaches, only occasionally venturing near Earth’s orbit. As they veer
close to the Sun, ice and dust from their small nuclei are swept out by the radiation
and solar wind into a fuzzy halo, or coma, and a long tail.

Comets are thought to harbor relatively pristine detritus from the rubble disk out
of which the planets grew. In just over a year, two space missions have given us a
close look at the materials that make up different comets. First, Deep Impact fired
a projectile into the nucleus of comet 9P/Tempel 1, ejecting a huge plume that was
studied remotely (see Science, 14 October 2005). Now, as described in this issue,
Stardust has retrieved direct samples of the coma of comet 81P/Wild 2. 

Comet Wild 2 originally hails from the Kuiper belt, beyond Neptune, but was
recently perturbed into an orbit between Mars and Jupiter that is within the reach of
spacecraft. After its launch in 1999, Stardust sneaked up on the comet in 2004, then
returned its precious cargo to Earth in a capsule on 15 January 2006. Bringing back
materials from a known extraterrestrial source, as with the Apollo samples from the
Moon, is critical for deciphering the history of our solar system and interpreting our
other extraterrestrial samples: meteorites and cosmic dust particles.

Stardust’s goal rested largely on two technical achievements. First the spacecraft
had to be slowed so that it could engage with the comet. A clever trajectory enabled
it to pass within 240 km of the nucleus at a speed of just 6 km/s, albeit six times
faster than a bullet. To catch the comet particles, a special lightweight material
called aerogel was developed and molded into a detector grid. Aerogel, the lightest
solid known, is a foamed glass that has the density of air (see the cover). Particles
were gently brought to a standstill as they tunneled through it without much
heating or alteration, leaving carrot-shaped tracks. Thousands of tiny particles were
trapped, most of them smaller than a micrometer in size.

Analysis of the tiny samples by many international teams shows that many
particles are mixtures of minerals, mostly silicates. The lack of amorphous grains
is one surprise, because such materials are seen in interstellar space. Isotopically,
the comet specks resemble rocks from the inner solar system; virtually no grains
that pre-date the Sun were seen. A single grain contains minerals produced at
high temperatures, in a region close to the Sun, and with isotope ratios similar to
those of some meteorites. Thus, material has been mixed across the solar system,
from the innermost portion to the outer regions of the Kuiper belt where this
comet originated. 

Although this mixing makes it difficult to explain comet histories, it also means
that the Stardust samples might tell us much more about how planets formed. The
first rock samples brought back to Earth from anywhere beyond the Moon, the tiny
Stardust grains may contain the building blocks of the entire solar system.

–JOANNE BAKER
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PERSPECTIVE

Whence Comets?

Michael F. A’Hearn

Recent advances in cometary science have indicated the importance of mixing of materials in the
disk where the planets of our solar system formed. Now, the results from the Stardust Discovery
Mission unambiguously show that even more extensive and earlier mixing of the material took
place, raising new challenges for theories of the protoplanetary disk and the formation of comets.

T
wenty years ago, there was tremendous

interest in the return of comet P/Halley.

Although that return was somewhat dis-

appointing compared with its closer previous

return in 1910, it was scientifically a tremendous

apparition. Primarily this was because the ad-

vance knowledge of its return allowed scientists

to plan both Earth-based observing programs

and to design the first spacemissions

to a comet. The first spacecraft to fly

past a comet was actually intended

to study the solar wind but was

diverted to pass through the tail of

comet Grigg-Skjellerup in late 1985.

For comet Halley, however, an en-

tire armada of spacecraft—Suisei,

Sakigake, Vega 1, Vega 2, and

Giotto—flew past the comet in

March 1986. The dramatic break-

throughs in our understanding of

comets triggered great interest,

largely because comets hold unique

clues to the origin of our own

planetary system. Nevertheless, it

took 15 years before the next

missions were under way.

Deep Space 1 flew past comet

Borrelly in 2001, heralding a suite of

complementary missions to very

different comets: Stardust flew past

comet 81P/Wild 2 in January 2004,

Deep Impact excavated 10,000 tons

of material from comet Tempel 1 in

July 2005, and Stardust returned to

Earth the grains that it had collected

from cometWild 2 in January 2006.

These missions, coupled with recent

dynamical studies, have caused a

major rethinking of the origin of

comets.

There is no doubt that comets did not form in

orbits even remotely similar to the ones in which

we now observe them (Fig. 1). Our classical

picture has been that the majority of short-

period comets (the Jupiter family, of which

Borrelly, Wild 2, and Tempel 1 are members)

formed from solids that condensed beyond

Neptune in the cold Kuiper belt. Over the 4.5-

billion-year age of the solar system, the comets

gradually spread among the giant planets, with

some of them ending up in orbits that are visible

from Earth.

The long-period comets (and some short-

period comets, including Halley), on the other

hand, formed from solids that condensed closer

to the Sun and at higher temperatures. Forming

in among the giant planets, these comets were

ejected out to the Oort cloud (extending halfway

to the Sun’s nearest neighbor, alpha Centauri)

and thenmuch later perturbed into orbits that are

also visible from Earth. Recently, dynamicists

have shown that the trans-Neptunian objects in

what is now called the scattered disk (dis-

covered in the 1990s and containing objects in

eccentric orbits extending beyond the classical

Kuiper belt) complicate this picture dramati-

cally. The scattered disk feeds comets into both

the Jupiter family and the Oort cloud [and thus

into the group of Halley-type comets (1, 2)].

So mixing of comet families complicates the

picture.

The nuclei of even the three Jupiter family

comets visited by spacecraft are surprisingly

diverse in their shapes and in their surface

topography (Fig. 2). Comet Borrelly has a bend,

like a banana’s shape (3, 4), Wild 2 is more

ellipsoidal (5), and Tempel 1 has surfaces that

are nearly planar (6). All three show signs of

layering, although it is most obvious in the high-

resolution images of Tempel 1 (6, 7), that may

reflect the original formation scenario (8). The

gas coming out of Tempel 1 (9) showed great

heterogeneity, consistent with the idea that the

nucleus is made of cometesimals (smaller

chunks) of different composition. These results

can be interpreted as suggesting extensive radial

mixing of cometesimals in the

outer parts of the early solar

system, rather than formation of

cometary nuclei from cometesimals

condensed at a uniform distance

from the proto-Sun. This means

that it will be somewhat harder

to pin down the locations about

which comets can give us clues

to formation.

The Stardust results presented

in this issue provide dramatic

evidence for much more extensive

radial mixing at an even earlier

stage in the formation. They show,

perhaps most importantly, that

nearly all of the crystalline silicate

grains, which have been known

for some time to exist in comets,

must have formed in the solar

system very close to the proto-

Sun rather than being circumstellar

or other presolar grains that were

transported from the interstellar

medium and directly incorporated.

Only one circumstellar grain was

found, showing that material is

preserved from the interstellar

medium but that, at least among

the refractory grains, it is only a

small fraction of the material near

the surface of a comet. Although

this mixing of near-Sun condensates with

preserved circumstellar grains has been sug-

gested before as an important part of cometary

formation, we now have clear evidence that this

mixing must be taken into account in any theory

of our solar system.

The Stardust results also show significant

differences when compared with the results

from Tempel 1. At a basic level, the size dis-

tribution of impacted Wild 2 grains is different

Stardust

Department of Astronomy, University of Maryland, College
Park, MD 20742–2421, USA. E-mail: ma@astro.umd.edu

Fig. 1. Schematic showing the orbits of comets (T. Farnham, University of
Maryland). Wild 2 and Tempel 1 are Jupiter family comets (originally from
the Kuiper belt in the classical picture); Halley is the prototype of the
Halley-class comets (originally from Oort cloud); Hyakutake is a comet
coming from the Oort cloud. The classical Kuiper belt would be circular
orbits just outside the orbits of Neptune and Pluto. The scattered disk
consists of elongated orbits with perihelia in as close as Uranus and
aphelia at 50 to 100 AU (up to about three times Neptune’s orbit).
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from that inferred for the ejecta from the impact

onto Tempel 1 (10), different from that of the

particles seen at Halley, and even different from

that deduced from the Dust Flux Monitor

Instrument on Stardust itself as it flew through

the coma of Wild 2. Perhaps more significantly,

there are differences in the types of particles

inferred for Wild 2 and Tempel 1. What does all

this mean for the origin of comets? Are these

differences between two comets, both the com-

positional and grain-size differences reported

here and the large-scale morphological differ-

ences, related to their somewhat different orbital

histories—Wild 2 having only recently been

perturbed into the inner solar system, whereas

Tempel 1 has been in the inner solar system far

longer? Or are these differences due to mixing of

comets from different reservoirs into the pop-

ulation of Jupiter family comets? Or do they

merely represent different mixing ratios for the

cometesimals that made up the cometary nuclei?

Stardust has certainly brought us plenty of

food for thought. Combining the Stardust results

with those from other recent comet missions will

keep the theoreticiansworking for some time,while

we hope for visits to other comets in the future.
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PERSPECTIVE

NASA Returns Rocks from a Comet

Don S. Burnett

Cometary particles returned by the Stardust Discovery Mission are primarily silicate materials of
solar system origin. Some of the grains were formed at high temperatures close to the Sun, but
then transported far out to the Kuiper belt region of the solar system before being incorporated in
the comet.

U
ntil now, extraterrestrial materials avail-

able for study have come from the inner

solar system, including meteorites that

have fallen from the sky and the returned lunar

samples. Meteorites include unequivocal sam-

ples of Mars and the Moon as well as an im-

pressive variety of asteroidal materials.

The Stardust Discovery Mission has, for the

first time, returned cometary materials for

analyses in terrestrial laboratories. Initial results

are reported in this issue of Science. Launched

in 1999, the Stardust spacecraft encountered

comet P81/Wild 2 in January 2004, passing

through the dust cloud surrounding the come-

tary nucleus and capturing an estimated 1000

particles in the size range of 5 to 300 micro-

meters (1). These were successfully returned to

Earth in January 2006.

Wild 2 is a Jupiter family comet; evidence

suggests that it formed in the Kuiper belt of ob-

jects beyond the orbit of Neptune and was then

diverted into the inner solar system by orbital

perturbations from Neptune and Jupiter. Thanks

to Stardust, we now havematerial to study from a

body that unequivocally originated in the outer

regions of the solar system.

In the inner solar system, volatile constitu-

ents, primarily H2O, sublimate from a comet

nucleus. Dust grains imbedded in the ices are

swept out with the outflowing gas, becoming

part of a large cloud of gas and dust, or coma.

The cometary dust is there for the taking—the

challenge is to capture the particles without

destroying both the dust and the spacecraft in

the process. Two clever technological achieve-

ments led to the success of Stardust: (i) design

of a spacecraft trajectory by Chen-Wan Yen (Jet

Propulsion Laboratory) that produced a rela-

tively low encounter velocity of 6.1 km/s and

(ii) development of an aerogel capture medium

by Peter Tsou (Jet Propulsion Laboratory).

Fig. 2. Cometary nuclei visited in the last decade: (left) Tempel 1 (NASA,
University of Maryland, and Deep Impact Team), (middle) Borrelly [NASA,
Jet Propulsion Laboratory (JPL), and Deep Space 1 Team], and (right) Wild
2 (NASA, JPL, and Stardust Team). The longest dimensions are 8 km for
Borrelly, 6 km for Tempel 1, and 5.5 km for Wild 2. Note the differences in

overall shape, even though all are comparable in size. The smooth areas on
Tempel 1 are low, whereas the only smooth area on Borrelly is
topographically high. On Wild 2, the smooth areas are at the bottoms of
circular depressions. The circular features on Wild 2 have a morphology
that is very different from those on Tempel 1.

Department of Geological and Planetary Sciences, California
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Aerogel is a highly porous silica foam that

has a density comparable to that of air (Fig. 1).

The low density slows down impacting particles

gradually, allowing them to escape melting and/

or vaporization. The capture event leads to

millimeter-sized tracks (Fig. 2). Most material

is left as fragments along the walls of the track,

but there is usually an intact terminal particle.

Sample return missions result in major sci-

entific progress because terrestrial laboratories

use the latest technology and eliminate the

limitations imposed by remote spacecraft in-

strument operations. This is amply demonstrated

by the results reported in this issue. An incredible

array of analytical firepower has been unleashed

to unlock the secrets of Wild 2. Some of the

instruments have diameters that are kilometers

in size. Yet, the amount of cometary material

consumed in this work is a negligible part of

the 1 to 10 micrograms of material returned.

The Wild 2 samples recovered by Stardust are

small rocks. None of the particles studied repre-

sents a single mineral; all are mixtures of minerals,

typically submicrometer in size. Fortunately, we

have the capability to at least begin the studies of

such complex samples. The most abundant min-

erals are the crystalline silicate minerals, olivine

and pyroxene, along with troilite (FeS) (2). These

are very stable phases, common in planetary

materials; however, finding them here is some-

what surprising because many expected that

cometary material would be similar to interstellar

material, in which most silicates are believed to

be amorphous. In contrast, cometary amorphous

material in the returned samples is rare or non-

existent, although it is worth noting that aerogel

melting produced silica glass, and silica glass

mixed with cometary materials makes the iden-

tification of cometary amorphous material dif-

ficult (2).

Two major conclusions can be

drawn from the Stardust analyses,

one anticipated and one unexpected.

As anticipated, isotopic analyses

could determine whether cometary

materials were made in the solar

system or were aggregated presolar

materials. Stars synthesize elements

heavier than Li with wildly varying

isotopic compositions, and rare cir-

cumstellar grains of such material

have been recovered from meteor-

ites. However, with important ex-

ceptions, the isotopic compositions

of elements are very homogeneous

in inner solar system materials,

and it is widely accepted that this

homogenization occurred in situ,

within the solar system. Stardust

isotopic data reveal a few isotopi-

cally anomalous presolar grains,

but most appear isotopically in-

distinguishable from inner solar

system materials. The Wild 2 rocks are solar

system rocks (3).

The unanticipated result was the discovery

of a single grain made of high-temperature

minerals found in meteoritic Ca- and Al-rich

inclusions (CAIs) (2), which are products of

gas-solid separation at high temperatures only

possible in the inner solar system very close to

the Sun. Moreover, the Stardust CAI has the

same distinctive oxygen isotopic composition

as that found in meteoritic CAIs (3). It appears

inescapable that, during the formation of the

solar system, materials formed near the Sun

were mixed as far out as the Kuiper belt and

there incorporated into objects which eventual-

ly became comets. Such mixing has been pro-

posed but observational proof was lacking (4).

There is considerable interest in carbona-

ceous matter from comets. A large number of

essentially pure C grains (known as CHON

particles for the elements observed in them)

were observed in the comet Halley flybys (5),

but such grains are very rare in Stardust samples

studied to date (2, 6, 7). Nevertheless, the im-

pacts released labile cometary organic com-

pounds (7), and further study of these is of

considerable importance.

The large number of authors of the present

papers is typical—and appropriate—for the initial

results of big projects. However, the Stardust

papers are relatively unique in that essentially all

of the coauthors collected data, which allowed

the application of many different techniques.

Redundant verification by independent tech-

niques is difficult in big projects and prohibitively

expensive in many cases. Here, not only have a

large number of scientists participated in Stardust

analyses, but the data they produced can be

independently verified to be correct. Anomalous

results will quickly be checked.

The results reported here are only the first

chapter in unlocking the secrets of Wild 2. The

samples are available, and they will be pre-

served as they await more detailed study by

both current techniques and more advanced

analytical techniques yet to be developed, some

of which may be inspired by the availability of

Wild 2 material.
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Fig. 1. A cube of the aerogel capture medium used by Stardust.
[Photo: Jet Propulsion Laboratory]

Fig. 2. A millimeter-long track of a Wild 2 particle
in aerogel. The particle entered at the wide end.
The force of impact broke up the particle; conse-
quently, each black dot is a small cometary rock.
[Image: JPL]
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The Stardust spacecraft collected thousands of particles from comet 81P/Wild 2 and returned them
to Earth for laboratory study. The preliminary examination of these samples shows that the
nonvolatile portion of the comet is an unequilibrated assortment of materials that have both
presolar and solar system origin. The comet contains an abundance of silicate grains that are much
larger than predictions of interstellar grain models, and many of these are high-temperature
minerals that appear to have formed in the inner regions of the solar nebula. Their presence in a
comet proves that the formation of the solar system included mixing on the grandest scales.

S
tardust was the first mission to return

solid samples from a specific astronom-

ical body other than the Moon. The mis-

sion, part of the NASA Discovery program,

retrieved samples from a comet that is believed

to have formed at the outer fringe of the solar

nebula, just beyond the most distant planet.

The samples, isolated from the planetary re-

gion of the solar system for billions of years,

provide new insight into the formation of the

solar system. The samples provide unprece-

dented opportunities both to corroborate astro-

nomical (remote sensing) and sample analysis

information (ground truth) on a known primi-

tive solar system body and to compare pre-

served building blocks from the edge of the

planetary system with sample-derived and as-

tronomical data for asteroids, small bodies that

formed more than an order of magnitude closer

to the Sun. The asteroids, parents of most

meteorites, formed by accretion of solids in

warmer, denser, more collisionally evolved in-

ner regions of the solar nebula where violent

nebular events were capable of flash-melting

millimeter-sized rocks, whereas comets formed

in the coldest, least dense region. The samples

collected by Stardust are the first primitive ma-

terials from a known body, and as such they

provide contextual insight for all primitive me-

teoritic samples. About 200 investigators around

the world participated in the preliminary analysis

of the returned samples, and the papers in this

issue summarize their findings.

Observations. During its 2 January 2004

flyby, 234 km from the surface of comet Wild 2,

Stardust collected more than 10,000 particles in

the 1-to 300-mm size range that were returned to

Earth on 15 January 2006 (1). Flyby images

showed at least 20 collimated jets of solid par-

ticles streaming into space from widely distrib-

uted small sources (2). The collected particles

are expected to be a representative sampling of

the nonvolatile component of the interior of the

comet. Wild 2 is a Jupiter family comet (JFC)

currently on an orbit that approaches the orbits

of both Jupiter and Mars. Like other JFCs, this

~4.5-km-diameter body is believed to have

formed in the Kuiper belt, exterior to the orbit

of Neptune, and only recently entered the inner

regions of the solar system where solar heat

causes “cometary activity,” processes mainly

driven by the sublimation of water ice that lead

to the loss of gas, rocks and dust at rates of tons

per second. As a JFC, the most likely history of

Wild 2 is that it formed beyond Neptune, where

it spent nearly all of its life orbiting in the Kuiper

belt. A close encounter with Jupiter on 10 Sep-

tember 1974 placed it in its current orbit, but its

journey from the Kuiper belt to the inner solar

system probably took millions of years and

multiple encounters with outer planets. As a

JFC, its orbit will change, and it has an expected

dynamical lifetime of ~104 years before it either

hits a larger object or is ejected from the solar

system (3). The active lifetime will be shorter

because of mass loss or disintegration.

The particles ejected by the comet and col-

lected by Stardust should be the same materials

that accreted along with ices to form the comet

~4.57 billion years ago when the Sun and plan-

ets formed. The original accreted materials

included both fine nebular particles and

compounds from the disruption of large bodies

(4). Cometary activity has caused Wild 2 to lose

its original surface, and for this and other reasons

it is believed that all of the particles ejected by

the comet date back to the formational period

of the solar system history and not to recent

solar system processes. Exposed to space for

hours before collection, solar heating at 1.86 AU

probably volatilized ice components during tran-

sit from Wild 2 to the spacecraft, although it is

possible that some ice could have been retained
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in the largest particles. The fact that particles

ranging down to submicron size were ejected by

such a gentle process as ice sublimation indicates

that the collected material from Wild 2 had not

been lithified and altered in Wild 2 by internal

processes such as heating, compaction, or aque-

ous alteration. These processes did act on original

asteroidal materials, altering them into relatively

dense and strong rocks that could survive entry

into the atmosphere, impact the ground and be

found as meteorites.

Collection of particles. Most of the samples

were collected in silica aerogel, a porous glass

composed of nanometer-sized silica particles

with bulk density that was made to vary from

<0.01 g/cm3 at the impact surface to 0.05 g/cm3

at 3-cm depth. In addition to aerogel, about 15%

of the total collection surface was aluminum, the

frame used to hold aerogel. Impact on this metal

produced bowl-shaped craters lined withmelted,

and in some cases unmelted, projectile residue.

The craters provide important information that

is complementary to the primary aerogel collec-

tion medium. The impacts into aerogel produced

deep, tapered cavities (tracks) with shapes

varying with the nature of the impacting particle

(Fig. 1). All but a few of the impact tracks contain

deeply penetrating particles. Nonfragmenting

particles produced carrot-shaped tracks with

length/diameter ratios of >25, whereas frag-

menting particles produced tracks with bulbous

upper regions and sometimes multiple roots. In

many cases, as described by Hörz et al. (5), it

appears that the particles consisted of aggregates

that separated into fragments on impact. The

smaller fragments stopped in the upper (bulbous)

region of the tracks, whereas the larger fragments

traveled deeper into the aerogel. The upper parts

of the hollow tracks are lined with relatively large

amounts of melted aerogel with dissolved pro-

jectile, the mid-regions contain less melt and

more preserved projectile material along with

compressed aerogel, and the lower regions

contain largely unmelted comet fragments at the

track ends. In the majority of cases, the deepest

penetrating particles are solid mineral grains or

rocks composed of multiple components. To

date, no terminal particles have been found that

1Department of Astronomy, University of Washington, Seattle,
WA 98195, USA. 2Jet Propulsion Laboratory, California
Institute of Technology, Pasadena CA 91109–8099, USA.
3Centre de Spectrometrie Nucleaire et de Spectrometrie de
Masse, Bat 104, 91405 Orsay Campus, France. 4Glenn T.
Seaborg Institute, Lawrence Livermore National Laboratory,
Livermore, CA 94550, USA. 5Department of Terrestrial
Magnetism, Carnegie Institution, Washington, DC 20015–
1305, USA. 6Department of Physics, North Carolina State
University, Raleigh, NC 27695, USA. 7Lawrence Livermore
National Laboratory, 7000 East Avenue, L-210, Livermore, CA
94550, USA. 8Istituto Nazionale di Astrofisica, Osservatorio
Astrofisico di Catania, Via Santa Sofia 78, 95123 Catania,
Italy. 9Engineering Science Contract Group, NASA Johnson
Space Center, Houston, TX 77058, USA. 10Department of
Mineralogy, Natural History Museum, London, SW7 5BD, UK.
11Impact and Astromaterials Research Centre, Department of
Earth Sciences and Engineering, Imperial College of Science,
Technology, andMedicine, Prince Consort Road, London, SW7
2AZ, UK. 12European Synchrotron Research Facility, Grenoble,
France. 13Institut d'Astrophysique Spatiale, Campus, 91405
Orsay Cedex, France. 14Institute for Geophysics and Planetary
Physics, Lawrence Livermore National Laboratory, Livermore,
CA 94550, USA. 15Department of Earth and Planetary Sciences,
University of New Mexico, MSC 03-2040, Albuquerque, NM
87131–0001, USA. 16Johann Wolfgang Goethe Universitat,
Frankfurt, Germany. 17Stanford Linear Accelerator Center,
Menlo Park, CA 94025, USA. 18Planetary and Space Sciences
Research Institute, The Open University, Walton Hall, Milton
Keynes MK7 6AA, UK. 19Department of Chemical Engineering
andMaterials Science, University of California–Davis, Davis, CA
95616, USA. 20Materials Science and Technology Division,
Chemistry and Materials Science Directorate, Lawrence
Livermore National Laboratory, Livermore, CA 94550, USA.
21INAF, Osservatorio Astronomico di Capodimonte, Via
Moiariello 16, 80131 Napoli, Italy. 22Smithsonian Institution,
Washington DC, USA. 23School of Physical Sciences, University
of Kent, Canterbury, Kent CT2 7NH, UK. 24Space Sciences
Laboratory, University of California, Berkeley, CA 94720–
7450, USA. 25Centre de Recherches Petrographiques et
Geochimiques, 15 rue Notre Dame des Pauvres, BP 20,
54501 Vandoeuvre lès Nancy, France. 26Lockheed Martin
Space Systems, Littleton, CO 80125, USA. 27Astromaterials
Research and Exploration Science, NASA Johnson Space Center,
Houston, TX 77058, USA. 28ERC, Inc., NASA Johnson Space
Center, Houston, TX 77058 USA. 29Geophysical Laboratory,
Carnegie Institution of Washington, Washington, DC 20015
USA. 30Exobiology Branch, NASA Ames Research Center,
Moffett Field, CA 94035, USA. 31Laboratoire de Structure et
Propriétés de l’Etat Solide, Bat C6, Université des Sciences et
Technologies de Lille, 59655 Villeneuve d’Ascq, France.
32Dartmouth College, Hanover, NH 03755, USA. 33Department
of Chemistry and Biochemistry, University of California San
Diego, 9500 Gilman Drive, La Jolla, CA 92093–0356, USA.
34Goddard Center for Astrobiology, NASA Goddard Space Flight
Center, Greenbelt, MD 20771, USA. 35Department of Earth and

Planetary Sciences, American Museum of Natural History, New
York, NY 10024, USA. 36Laboratory for Astrophysics and Space
Research, Enrico Fermi Institute, University of Chicago, 933
East 56th Street, Chicago, IL 60637, USA. 37Advanced Light
Source, Lawrence Berkeley National Laboratory, Berkeley, CA
94720–8225, USA. 38Centre for Astrophysics and Planetary
Sciences, University of Kent, Canterbury, Kent CT2 7NH, UK.
39Novaetech s.r.l., Napoli, Italy. 40Laboratoire de Sciences de la
Terre, Ecole Normale Superieure de Lyon, 46, allee d'Italie,
69007, Lyon, France. 41Physics and Astronomy Department,
SUNY at Stony Brook, Stony Brook, NY 11794–3800, USA.
42Laboratory for Space Sciences, CB1105, Washington
University, St. Louis, MO 63160–4899, USA. 43Department
of Physics, SUNY, Plattsburgh, NY 12901, USA. 44Open
University, Milton Keynes MK7 6AA, UK. 45Laboratoire Pierre
Süe, CEA-Saclay 91191 Gif sur Yvette, France. 46Impact and
Astromaterials Research Centre, Department of Earth Sciences
and Engineering, Imperial College of Science Technology and
Medicine, London, SW7 2AZ, UK. 47Chemical Science Division,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720–
8225, USA. 48School of Earth, Atmospheric and Environmental
Sciences, University of Manchester, Manchester, M13 9PL, UK.
49Museum National d’Histoire Naturelle, Laboratoire d’Etude
de la Matiere Extraterrestre, USM 0205 (LEME), Case Postale
52, 57, rue Cuvier, 75005 Paris, France. 50Department of the
Geophysical Sciences, University of Chicago, 5734 South Ellis
Avenue, Chicago, IL 60637, USA. 51United States Geological
Survey, 954 National Center, Reston, VA 20192, USA.
52Division of Geological and Planetary Sciences, California
Institute of Technology, Pasadena, CA 91125, USA. 53Geology
Department, Case Western Reserve University, Cleveland, OH
44106, USA. 54Max Planck Institute for Chemistry, Particle
Chemistry Department, P.O. Box 3060, 55020 Mainz,
Germany. 55Rutgers University, Piscataway NJ, USA. 56Astro-
materials Research and Exploration Science, NASA Johnson
Space Center, Houston, Texas 77058, USA. 57Stanford
Synchrotron Radiation Laboratory, Stanford Linear Accelerator
Center, Menlo Park, CA 94025, USA. 58Robert M. Walker
Laboratory for Space Science, Astromaterials Research and
Exploration Science Directorate, NASA Johnson Space Center,
Houston, TX 77058, USA. 59Laboratoire de Structure et
Propriétés de l’Etat Solide, Bat C6, Université des Sciences et
Technologies de Lille, 59655 Villeneuve d’Ascq, France.
60Physics and Astronomy Department, SUNY at Stony Brook,
Stony Brook, NY 11794–3800, USA. 61Department of Earth
and Planetary Sciences, Harvard University, 20 Oxford Street,
Cambridge, MA 02138, USA. 62Center for Meteorite Studies,
Arizona State University, m/c 1404, Tempe AZ 85287,USA.
63Max Planck Institut for Solar System Research, Max-Planck-
Strasse 2, 37191Katlenburg-Lindau, Germany. 64Hawaii
Institute of Geophysics and Planetology, University of Hawaii,
Honolulu, HI 96822, USA. 65Institute of Geosciences, Friedrich-
Schiller-University Jena, Burgweg 11, D-07749 Jena, Germany.
66Center for Advanced Radiation Studies, University of Chicago,
Chicago, IL 60637, USA. 67Jacobs Sverdrup, ESCG, Houston, TX
77058, USA. 68Sciences and Exploration Directorate, NASA

Goddard Space Flight Center, Greenbelt, MD 20771, USA.
69Institut für Planetologie, Westfälische Wilhelms-Universität,
Münster, Germany. 70Université Lille, Lille, France. 71Depart-
ment of Earth and Space Sciences, University of California Los
Angeles, Los Angeles, CA 90095–1567, USA. 72McDonnell
Center for the Space Sciences, Department of Physics,
Washington University, St. Louis, MO 63130, USA. 73Centre
de Recherches Petrographiques et Geochimiques, 15 rue Notre
Dame des Pauvres, BP 20, 54501 Vandoeuvre lès Nancy, France.
74INAF, Osservatorio Astronomico di Capodimonte, Via
Moiariello 16, 80131 Napoli, Italy. 75Department of Earth and
Planetary Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo
113-0033, Japan. 76Museum National d’Histoire Naturelle,
Laboratoire d’Etude de la Matiere Extraterrestre, 57 rue Cuvier,
75005, Paris, France. 77Kyushu University, Fukuoka, Japan.
78Advanced Industrial Science and Technology, Geological
Survey of Japan, Ibaragi, Japan. 79Department of Earth and
Planetary Sciences, Faculty of Science, Kobe University,
Nada, Kobe 657-8501, Japan. 80Institute of Materials
Structure Science, Tsukuba-shi, Ibaraki-ken, 305, Japan.
81Japan Aerospace Exploration Agency, Institute of Space and
Astronautical Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa,
229-8510, Japan. 82Science Division, Jet Propulsion Labora-
tory, 4800 Oak Grove Drive, Pasadena, CA 91109, USA.
83Department of Physics and Astronomy, Minnesota State
University, 141 Trafton Science Center N, Mankato, MN
56001, USA. 84School of Physics and Astronomy, University
of Minnesota, Minneapolis, MN 55455, USA. 85Savannah
River Ecology Lab, Aiken, SC 29801, USA. 86Dip. Scienze
Applicate, Università degli Studi di Parthenope, Napoli, Italy.
87Astrophysics Branch, NASA Ames Research Center, Moffett
Field, CA 94035, USA. 88Engineering Science Contract/
Barrios Technology, Astromaterials Research and Exploration
Science/Johnson Space Center, Houston, Texas 77258–8447,
USA. 89U.S. Naval Research Laboratory, Washington, DC
20375, USA. 90State University of New York, Plattsburgh, NY
12901, USA. 91Japan Synchrotron Radiation Institute, Hyougo,
Japan. 92Engineer Research and Development Center, Cold
Regions Research and Engineering Laboratory, Hanover, NH
03755, USA. 93Institute of Space Sciences Institut d’Estudis
Espacials de Catalunya, CSIC, Universitat Autònoma de
Barcelona, Campus UAB, 08193 Bellaterra (Barcelona), Spain.
94Institut d’Estudis Espacials de Catalunya (IEEC), Ed. Nexus,
Gran Capità, 2-4, 08034 Barcelona, Spain. 95Department of
Earth and Space Science, Osaka University, 1-1 Machikaneyama-
cho, Toyonaka, 560-0043, Japan. 96Department of Chemistry,
Stanford University, Stanford, California 94305–5080, USA.
97Department of Geological Sciences, Michigan State University,
East Lansing, MI 48824–1115, USA. 98Ghent Univ, Ghent,
Belgium. 99Physical Sciences, Kingsborough Community College
(CUNY), Brooklyn, NY 11235, USA. 100Department of Earth and
Planetary Sciences, Washington University, St. Louis, MO 63130-
4899, USA.

*To whom correspondence should be addressed. E-mail:
brownlee@astro.washington.edu

15 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org1712

Stardust

Zinio
page=1712

mailto:brownlee@astro.washington.edu
http://www.sciencemag.org


are entirely composed of submicron chondritic

composition (Mg,Al,Si,S,Ca,Fe,Ni ratios = solar)

materials similar to the material that dominates

interplanetary dust and the matrix of primitive

carbon-rich meteorites, although such material

has been seen attached to terminal particles

(Fig. 2).

All the particles were modified to some

degree by capture, and recognizing and devel-

oping a better understanding of the effects is

important for understanding the properties of the

cometary samples. High-speed capture left some

components in excellent condition, whereas

others were severely altered. In general, compo-

nents larger than micron-size were often well

preserved, whereas smaller or finer-grained

components were strongly modified. The most

extreme modifications observed were the cases

of vesicular silica in the upper regions of track

walls that contain only a percentage of projectile

material, usually Mg, Al, Ca, Mn, and Fe in

roughly solar relative proportions, dissolved into

previously molten aerogel. This glass usually

contains large numbers of submicron beads of

FeNi sulfide or metal, immiscible phases that

could not dissolve in silica. Thesematerials were

clearly heated above the ~2000 K melting point

of silica, and this is the possible fate of many of

the submicron components that stopped in the

upper regions of tracks.

Despite laboratory simulation studies and

aerogel capture of meteoroids in space, the cap-

ture effects on bona fide comet dust at 6 km/s

were unknowable before the encounter because

of the unknown nature of cometary materials

and the technical limitations of accelerating

loosely bound aggregates like those implied by

studies of interplanetary dust particles (IDPs)

and meteors. Simulations at 6 km/s were done

with a variety of solid particles that could be

accelerated, and there was a moderate amount of

experience with capture of actual meteoroids by

orbiting spacecraft (5, 6). All of these projects

showed that solid particles >10 mm could be

captured in reasonably good condition con-

sistent with the Stardust mission findings. These

projects showed that even temperature-sensitive

materials such as hydrated silicates andmaterials

that melt at ~600°C could be captured in good

shape with only minor alteration except at par-

ticle surfaces where they were sometimes coated

with a thin layer of melted aerogel. The juxta-

position of melted and unmelted material in-

dicates extremely high temperature gradients at

particle surfaces. Particles impacted Stardust at

6.1 km/s and were stopped on time scales

ranging from a microsecond to less than a nano-

second depending on the particle size and the

collection media. At nanosecond interaction

times, the thermal wave produced by contact

with molten aerogel at temperatures >2000 K

does not penetrate deeply into captured particles

(Fig. 3). Although the smallest components were

often strongly heated, those over a micron in size

appear to have been protected by their own

thermal inertia.

The range of effects inside aerogel tracks can

be crudely understood in terms of velocity-

dependent heating. If an ideal nonfragmenting

particle simply sweeps up aerogel in its path,

accelerating it to the particle velocity and then

releasing it, the particle’s speed will decrease by

1/e every time it sweeps up its own mass of

aerogel. In this simplified model, the speed (v)

of a 10-mm density 3-g/cc particle in 0.01 g/cc

(r) aerogel decreases to 2.2 km/s after 3 mm,

0.8 km/s at 6 mm, and stops at about 1 cm when

the dynamic pressure (~rv2) is matched by the

aerogel’s compression strength. The power gen-

erated varies as v3, and at 3-mm and 6-mm depth

it would be 5% and 0.2%, respectively, of the

power generated at the point of entry. Entering

projectiles generate a spray of molten aerogel that

forms and lines track walls, but this process

rapidly declines with depth. Aerogel along the

track walls varies from molten at the entry to

compressed in the mid-range and then is little

affected as the track actually narrows to the pro-

jectile diameter near the track’s end. Actual tracks

of particles made by 10 mm silicates are about

1 mm long, which implies somewhat faster

deceleration than in this crude model. Decel-

eration of actual particles can be greater if the

Fig. 1. Optical images of deceler-
ation tracks of eight comet par-
ticles in aerogel that entered at the
top and terminated at the base.
Left to right, the track names and
their lengths are T59 (0.35 mm),
T58 Noni (0.29 mm), T61 (1.6
mm), T72 Gea (0.12 mm), T71
Surya (0.22 mm), T38 Tara (3.2
mm), T27 Sitara (>2 mm), and T25
Inti (2 mm). The thinner tracks
suffered very little fragmentation
that leads to substantial production
of side tracks. The break in the T38
track is due to sample preparation,
and the upper bulb of T25 widened
a bit when it was intentionally
flattened. All of the other tracks
have their original shapes. The
squares below T25 (Inti) are mag-
nified images of five of the major
5- to 12-mmparticles. The tip of the
track containing the 20-mm ter-
minal particle was removed before
the track image was taken. The
terminal particle as well as many of
the other fragments are isotopically and mineralogically linked CAIs, exotic refractory components in
primitive meteorites that may have formed very close to the young Sun.

Fig. 2. The 8-mm terminal particle
of T57 (Febo), a bifurcated track
>1.4 mm long. The left image is
a high-angle annular darkfield
(HAADF) image of a 70-nm-thick
microtome section of the particle.
The images combined with x-ray
spectral analysis show that the
particle has three major compo-
nents. The sulfide pyrrhotite on the
left, a 3-mm enstatite grain in the
upper middle, and fine-grained
porous aggregate material with
approximately chondritic elemental
composition (Mg, Al, Si, S, Ca, Cr, Mn, Fe, Ni ~ solar ratios) dominates the right half of the image. The
particle’s smooth exterior contour is probably due to abrasion during passage through aerogel, although
the particle contains only trace amounts, at most, of adhering aerogel. The survival of fine-grained
chondritic composition material as a major part of a terminal particle is unusual, and its survival may have
been aided by shielding; it may have been in the lee of the large sulfide. The small inset image shows a
reflected-light view of the “potted butt,” the sample that remains after removing microtome sections.

www.sciencemag.org SCIENCE VOL 314 15 DECEMBER 2006 1713

SPECIALSECTION

Zinio
page=1713

http://www.sciencemag.org


column cross-section of aerogel that is accelerated

is larger than the projectile cross-section or less if

intercepted aerogel is not accelerated to the pro-

jectile velocity. Additional complications include

build-up and shedding of caps (7) of compressed

or melted aerogel and general fragmentation.

Context. The work on the Stardust mission

samples has only recently begun, but the first

laboratory studies of comet samples have al-

ready provided considerable insight into (i) the

formation of comets, (ii) the origin of crystal-

line silicates around stars that form planets, and

(iii) large-scale mixing in the solar nebula and,

by inference, mixing in circumstellar accretion

disks that form planets around other stars. There

have been various suggestions for the origin of

comets, but the most widely held view is that

they are mixtures of ice and interstellar grains,

specifically submicron-sized core-mantle grains

(8, 9). Complicating factors to this model in-

clude infrared spectral evidence that comets,

particularly long-period comets, contain crystal-

line silicates (10, 11), whereas silicates observed

in the interstellar medium are almost entirely

noncrystalline (12, 13), a state commonly attri-

buted to radiation processes. The standard

explanation for this is that crystalline silicates in

comets were produced by annealing, the de-

vitrification of glass or amorphous silicates at

elevated temperature. For common silicates and

appropriate time scales, this process requires

temperatures of 800 K or more and is inconsist-

ent with the environment that produced comets

containing ices that condensed below 40 K.

Bockelée-Morvan et al. (14) suggested that the

annealing of amorphous silicates occurred in hot

inner regions of the solar nebula and were carried

outward by turbulent mixing, potentially a very

effective transport process (15). Modeling sug-

gests that turbulent mixing can cause large-scale

radial mixing on 104-year time scales. Although

mixing is a prediction of several solar system

formation models, the radial variations of the

properties of minor planets as well as larger-scale

variation of solar system bodies suggest that the

solar nebula was not well mixed.

A major portion of the Stardust mission par-

ticles larger than a micron is composed of the

silicate minerals olivine and pyroxene (Figs. 2

to 4). The presence of these two phases has also

been indicated by infrared data from other

comets, in particular in Hale-Bopp (11) and

Tempel 1, the comet impacted by the Deep Im-

pact mission (16). Like all minerals, and by

definition of the word mineral, these are crystal-

line solids. There are also amorphous silicates in

some of the samples, but it is not yet clear

whether these existed before collection or were

produced during the capture. Isotopic work on

these samples is just beginning, but it is evident

that the majority of the large crystalline silicates

collected by Stardust have solar isotopic com-

positions and not the anomalous ones expected

and seen in interstellar grains. At this early stage,

it appears that a major fraction of the micron and

larger silicates in Wild 2 were produced in our

solar system. It is also remarkable that so many

of the impacting comet particles contained at

least a few relatively large solid grains, an order

of magnitude larger than the size of typical in-

terstellar grains (17). In addition to silicates and

abundant sulfides, the collected comet samples

contain organic materials (18) even in the sub-

micron size range (Fig. 5).

The range of compositions of olivine and

pyroxene grains in the Stardust mission samples,

particularly with regard to the minor elements,

indicates a reasonable similarity to components

found in interplanetary dust and some primitive

unequilibrated meteorites (19). Extensive work

has been done on these meteoritic materials, and

there has been vigorous debate about which

grains are primary condensates from hot regions

of the solar nebula and which ones are fragments

of highly processed materials such as chon-

drules, objects composed of crystals, and glass

formed by rapid crystallization of a melt. In stark

contrast to astronomical interpretations, studies

of meteoritic materials have not suggested that

these phases formed by annealing of presolar

amorphous silicates. The detailed quantitative

evaluation of a large set of silicates collected by

Stardust has yet to be done, but the isotopic com-

position, minor element composition, and even

the range of Fe/Si does not appear to be com-

patible with an origin by annealing of radiation-

damaged interstellar silicates. Specifically, many

of the olivines are nearly Fe free and yet have

moderately high abundances of Al, Ca, Cr, and

sometimes Mn. There is no model or set of ex-

periments that suggest that such compositions

would form from plausible amorphous interstellar

materials. The composition of the grains collected

by Stardust provides both a rich source of new

Fig. 4. Three images of the 8-mm terminal particle
at end of the >2-mm-long track 27 (Sitara), also
shown in Fig. 1. The top is an optical image show-
ing parent central grain (that is also birefrigent)
with two attached opaque phases. Other focus
depths show additional opaques inside the grain.
The middle image is an SEM backscattered electron
(BSE) image of the flat surface (“potted butt”) of
the particle mounted in acrylic after several dozen
70-nm slices had been removed with a diamond
microtome. The image brightness is proportional
to mean atomic weight and this, along with x-ray
spectral measurements, shows that the particle is a
solid rock composed of at least four phases. The
two bright regions are sulfides; one is pyrrhotite
Fe1-xS, and the other is pentlandite, a Ni-rich
sulfide. The central gray region marked by
aligned “chatter pits” from the diamond knife is
enstatite. The smooth gray regions are an unde-
termined crystalline Mg silicate that contains Na,
Al, and Ca at abundances of several percent. The
bottom image shows the enstatite grain observed
in a microtome section at near atomic-scale
resolution. Scale bar, 5 nm).

Fig. 3. Conventional brightfield transmission elec-
tron microscope image of a microtome section of
an Fo99 (Mg/Mg + Fe atomic ratio = 0.99) olivine
grain showing a 100-nm-thick alteration rim
produced during high-speed capture. The rim (b)
contains nanophase FeNi metal and sulfide grains
resulting from the interaction of the grain with a
thin flow of material containing Fe, Ni, and S,
presumably a mix of melted silica aerogel and
comet materials. Below the thin rim (c), the grain
appears to be perfectly preserved; above the rim (a)
is unmodified aerogel in which the particle was
captured.
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information for determining the origin of silicates

in comets formed at the edge of the solar nebula

and a superb means of assimilating and fostering

new understanding of the sometimes incompatible

inferences from the extraterrestrial sample and

astronomical communities.

Radial mixing in the solar nebula. Perhaps

the most straightforward result of the Stardust

analysis program is information for large-scale

mixing in the solar nebula. The comet samples

collected by Stardust do contain presolar materials,

the initial building materials of the solar system, but

they clearly are not just a collection of submicron

interstellar grains. The collection contains abundant

high-temperature minerals such as forsterite

(Mg2SiO4) and enstatite (MgSiO3). It also contains

at least one particle that is mineralogically and

isotopically linked to meteoritic calcium- and

aluminum-rich inclusions (CAIs). CAIs are the

oldest samples of the solar system, they are

systematically enriched in 16O, and they contain

abundant minerals that condense at temperatures

higher than the 1400K condensation temperature of

forsterite. Meteoritic CAIs are thought to have

formed in the hottest portion of the solar nebula. A

popular model for the 16O enrichment involves

photochemical self-shielding processes that may

have occurred mainly in the innermost regions of

the solar nebula, well inside the orbit of Mercury

(20). These apparent inner solar system materials in

the comet must have been transported beyond the

orbit of Neptune by a process that was capable of

moving particles at least as large as 20 mm. The

existence of such a process provides a fundamental

constraint on models of the solar nebula. Particles

could have been transported from the center to the

outer edge of the nebula in two different ways: (i)

ballistic transport above the nebular midplane or (ii)

turbulent transport in the midplane. Although it was

widely believed that comets were isolated from

inner solar systemmaterials, there have been several

suggestions that such transport was possible.

Bockelée-Morvan et al. (14) and others predicted

such transport based on turbulentmixing in the solar

nebula disk, and Shu et al. (21) predicted that even

quite large particles could be launched by an out-

flow called the X-wind from a region that was very

close to the young Sun and ballistically transported

above the midplane of the nebular disk. Shu and

colleagues specifically predicted that the X-wind

model would transport CAIs from near the Sun to

the edge of the solar system where Wild 2 formed.

Comparison with Deep Impact results. The

Deep Impact mission also provided important

information about the composition of dust from

another Jupiter family comet. A portion of theDeep

Impact spacecraft impacted comet 9P/Tempel

1 liberating ~106 kg of debris that was observed

in the infrared. Many of the spectra have superb

signal-to-noise ratios and show numerous features

caused by emission from submicron grains. The

Deep Impact data was used to estimate the

mineralogical make-up of the comet by synthesiz-

ing the observed spectra as a mixture of spectra of

various laboratory compounds (16). The model

composition expressed as relative weighted surface

area is ferrosilite (FeSiO3) 33, forsterite (Mg2SiO4)

31, amorphous olivine [(Mg,Fe)2SiO4] 17, ninin-

gerite [(Mg,Fe)S] 15, smectite nontronite (a hy-

drated silicate) 14, diopside (CaMgSi206) 12,

orthoenstatite (MgSiO3] 10, fayalite (Fe2SiO4)

9, siderite (FeCO3) 5, amorphous pyroxene

[(Mg,Fe)SiO3] 4, and magnesite (MgCO3) 3. Of

these minerals, only forsterite was found in Wild 2

at abundances above a few percent. The inferred

presence of MgFe sulfides, the oxymoron phases

amorphous olivine and pyroxene, as well as car-

bonates and hydrated silicates are clearly at odds

with the sample return data. To date, no compelling

evidence has been seen in the samples for either the

presence of these phases or their thermal decom-

position products. For example Mg-, Ca-, or Fe-

bearing carbonates, even if they decomposed

during capture, would be converted to oxides by

strong heating and would be readily observed if

they had existed in Stardust samples. Iron sulfides

are abundant components in Wild 2, but FeMg

sulfides have not been seen, they are not present in

IDPs, and they are exceedingly rare in primitive

meteorites. The Deep Impact modeling included

components of amorphous olivine and pyroxene,

yet noncrystalline silicateswith these stoichiometric

compositions are not seen except perhaps as trace

occurrences in Wild 2, IDPs, or meteorites. The

most notable difference between the results of the

two missions is the presence of carbonates and

hydrated silicates, phases whose existence in

meteorites is usually attributed to formation by

hydrothermal alteration inside a wet parent body.

Extraterrestrial hydrated silicates have been

collected in meteoroids impacting aerogel on

Earth-orbiting spacecraft and in laboratory

simulation experiments (22, 23), but they have not

been seen in Stardust samples. If abundant hydrated

silicates >200 nm existed inWild 2, there should be

clear evidence of them in the analyzed samples.

There are several possible explanations for the

differences between the conclusions of the two

missions. The comets may be different, the

sampling regions are different, the size-range

sampled is somewhat different, the laboratory

materials that were chosen to match the observa-

tions may not be appropriate analogs for sub-

micron cometary materials that are both ancient

and complex, and numerous factors may compli-

cate the combination of more than a dozen

different components to accurately infer the min-

eralogical composition of a complex natural ma-

terial. Comets are collections of materials that

accreted to form them. It is possible that some

comets contain hydrated silicates from the nebula

or from the break-up of larger (>100 km) bodies

that experienced internal heating, melting of ice,

and aqueous alteration of silicates. The Tempel

1 sampling site was near two large features that

look like impact craters, and it is conceivable that

hydrated silicates could have formed inside Tempel

1 by hydrothermal processes caused by these

events. Unlike Tempel 1, Wild 2 does not show

clear evidence for classic impact craters, implying

that its ancient cratered surface, and possible

impact-modified material, has been lost due to

cometary activity. As previously mentioned, Star-

dust is believed to have sampled particles ejected

from dozens of ice-bearing subsurface regions that

have never been sufficiently heated to cause the

separation of the fine-grained mix of submicron

dust and ice, let alone hydrothermal alteration

processes that can form hydrated silicates.

Remarks. The Stardust mission has provided

us large numbers of particles that were at the edge

of the solar system at the time of its formation.

Efforts have just begun to compare these with

meteoritic samples: meteorites, ~0.1-mm micro-

meteorites (24), and 10-mm interplanetary dust. The

total mass of collected comet material is actually

equivalent to several hundred thousand of the

nanogram IDPs that have been intensively studied

in the laboratory for the past 35 years.We anticipate

that the comet samples and their comparison with

meteoritic sampleswill provide important boundary

conditions for models of the origin of the solar

Fig. 5. Energy-filtered TEM images of the lower
region of the T57 (Febo) slice shown in Fig. 2
(scale bar, 1 mm). The top image is a zero-loss
image made with electrons that did not lose
energy during passage through the sample, and
the lower image displays the carbon distribution.
The carbon image was made with the standard
three-window method that combines images
taken in energy passbands above and below the
285-ev carbon edge. The sulfide on the left is
carbon free, but regions of carbon are seen both
as submicron components in the fine-grained
chondritic component on the right and as partial
rims on the sulfide grain. Isotopic measurements
made at Johnson Space Center have shown
considerable 15N enrichment in the carbon-rich
region shown in the expanded window.
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system, the origin of silicate minerals around stars,

and mixing in circumstellar disks. The mineral

grains and components that we have seen in the

comet are analogous to glacial erratics; they clearly

did not form in the environment theywere found in.

Each particle is a treasure that provides clues on its

place of origin and mode of transport. In many

cases, it appears that they formed in the center of the

solar nebula, and many of the larger particles are

rocks composed of several minerals. Although

better estimates will come from continued studies,

initial investigations indicate that on the order of

10% or possibly more of the comet’s mass was

transported outward from the inner regions of the

solar nebula as particles larger than a micron. The

solar nebulamay not have beenwell mixed, but the

Stardust mission results show that there was

abundant radial transport of solids on the largest

spatial scales. One of the most surprising findings

has been that we have seenmany of these materials

before. The distribution of minor element compo-

sitions of minerals, such as forsterite, indicate a link

to the rare forsterite fragments found in primitive

meteorites. Meteorite studies indicate that these

high-temperature phases, serving as tracers, were

distributed to varying degrees, sometimes as very

minor components, across the inner parts of the

solar nebula (25–27). From the work on Stardust

samples, it now appears that components like

forsterite and CAIs, formed in the hottest regions

of the solar nebula, were transported over the entire

solar nebula.

Comets have always been notable because of

their contents of frozen volatiles but they are now

additionally notable because of their content of

exotic refractory minerals. The information on ma-

terials and mixing from the Stardust mission

provide a new window of insight into the origin

of solid grains that form disks around stars and lead

to the formation of planetary bodies. This is a

window that is exploredwith electronmicroscopes,

mass spectrometers, synchrotrons, and a host of

othermodern instruments to provide information at

levels of detail that were not previously imagined.

The best available instruments and methods on the

planet were used in this study, and it is expected

that additional studies coupled with advances

in analytical capabilities will continue to reveal

important secrets about the origin and evolution

of the solar system that are contained in these few

thousand particles recovered from comet Wild 2.
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Particles emanating from comet 81P/Wild 2 collided with the Stardust spacecraft at 6.1 kilometers
per second, producing hypervelocity impact features on the collector surfaces that were returned to
Earth. The morphologies of these surprisingly diverse features were created by particles varying
from dense mineral grains to loosely bound, polymineralic aggregates ranging from tens of
nanometers to hundreds of micrometers in size. The cumulative size distribution of Wild 2 dust is
shallower than that of comet Halley, yet steeper than that of comet Grigg-Skjellerup.

S
tardust’s sample collector exposed SiO2-

based aerogel and aluminum foil to the

flux of particles emanating from comet

Wild 2 as the spacecraft’s trajectory took it to

within 234 km of the comet’s surface (1).

The cometary dust grains collided with these

surfaces at 6.1 km s–1, producing hypervelocity

craters in the aluminum and deep penetration

tracks in the highly porous, low-density aerogel

(2) (fig. S1). Even the most cursory inspection

of these surfaces reveals an unexpected di-

versity in the morphologies and sizes of both

craters and tracks.

Detailed morphologic analysis of these

impact features and comparison with experi-

mental impacts produced by a suite of well-

characterized projectiles was undertaken during

the preliminary examination of Stardust to eval-

uate the common view that cometary solids are

fluffy, highly porous objects (3). Also, the size

distribution of Wild 2 dust can be deduced from

the size distribution of the impact features and

compared with those for other comets, such as

Halley (4). In addition, attempts were made to

analyze the compositions of molten projectile

residues inside craters, as detailed by Zolensky

et al. and Flynn et al. (5, 6).

Stardust’s fixed encounter speed of 6.1

km s–1 is well within the performance limits

(~7 km s–1) of small-caliber, light-gas guns, al-

lowing direct laboratory simulation of Stardust’s

impact features (7–9). This is in stark contrast to

earlier dust-collection experiments in low Earth

orbit, which included aluminum (10) and SiO2-

based aerogel (11, 12). Figure 1 compares ex-

perimental craters into Al1000 targets with those

observed on Stardust foils and shows that de-

tailed crater morphology reflects the physical

properties of the impactor(s). It also illustrates
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notable diversity among Stardust craters brought

about by impactors that range from dense

objects, such as nonporous silicates of ~3 g

cm–3, to highly porous aggregates with bulk

densities as low as 0.3 g cm–3 (8). Detailed

cross-sections through representative Stardust

craters are shown in fig. S2 to quantify some of

these morphologic characteristics, such as widely

varying depth-to-diameter ratios and variable

scales of surface roughness, which reflect par-

ticle density and structure.

We inferred the modal mineralogy ofWild 2

dust from the scanning electron microscopy

(SEM) and energy dispersive spectrometer

analyses of the molten residues in about 200

craters with diameters of <5 mm (Fig. 2A).

Composite projectiles containing variable

amounts of olivine, pyroxene, and Fe-sulfide

are the most common (56%), and essentially

monomineralic particles composed of primarily

one of these three major phases make up an

additional 36%. These major projectile types

dominate at all crater sizes (Fig. 2B). Poly-

mineralic impactors dominate even the smallest

craters, some of which are <100 nm in size

(Fig. 1F). This implies that individual compo-

nents contributing to these tiny aggregates

must be only tens of nanometers in size, finer

than those of typical interplanetary dust particles

(13). According to Kearsley et al. (7, 8), most

craters summarized in Fig. 2 are the result of

submicrometer-sized impactors; all dust grains

analyzed by Zolensky et al. and Flynn et al.

(5, 6) were an order of magnitude larger before

impact. All analyses, however, suggest that small

and large particles fromWild 2 are composed of a

similar, if not identical, suite of minerals.

The penetration tracks in aerogel also dis-

played a wide range of morphologies. We dis-

tinguished three major groups: Type A tracks

are carrot-like, with long, slender, continuously

tapering walls. In contrast, type B tracks have

more bulbous cavities, from which either one

or a small number of slender tracks emerge,

and resemble turnips with single or multiple

roots. Type C tracks consist only of a bulbous,

rather stubby cavity. We compared experimental

tracks in aerogel formed at about 6 km s–1 with

those from Stardust (Fig. 3). It seems evident

from the laboratory simulations that the type A

tracks were made by relatively cohesive im-

pactors, whereas type B tracks resulted from

poorly consolidated, fine-grained materials

containing competent, coarse components. The

fine-grained materials decelerate more rapidly

and disperse radially with great efficiency to

form a bulb, compared with the more massive

and dense components that penetrate deeply.

Alternatively, as illustrated by the lizardite ex-

periment in Fig. 3C, the sudden release of

copious volatiles could also contribute to bulb

formation. However, there is no evidence to date

for volatile rich materials in Wild 2 dust (5, 6).

Quantitative measurements of the largest

cavity diameter and maximum track length of

all tracks in some 20 harvested tiles are illustrated

in fig. S3. These measurements provide a quan-

titative basis for separating the three major track

types, yet their transitions are highly gradational.

These measurements also reveal that track

morphology is size dependent: Most tracks less

than 200 mm in length are type A, whereas most

of the largest structures are type B; type C tracks

are rare at all sizes.

In analogy to interstellar particles, small

(<1 mm) and fluffy, highly porous particles are

commonly thought to be typical for comets (3),

but our observations indicate that such particles

are only part of a broad continuum that also

includes cohesive and dense objects. Particle

size is highly variable as well and includes ag-

gregates from <100 nm to >100 mm. This di-

versity in physical properties is unexpected for

particles from a single comet, yet recent model-

ing of the light-scattering properties of the dust

from comet Hale-Bopp also suggests a mixture

of fluffy and dense particles (14).
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Fig. 1. Comparison of
experimental craters
(formed at ~6.1 km s–1)
and Stardust impacts.
(A) Experimental crater
made by a soda-lime
glass sphere. (B) Experi-
mental crater produced
by an irregular fragment
of powdered Allendeme-
teorite. Notably, a crater’s
plan view grossly mirrors
projectile shape. The
physically homogeneous
glass impactor produced
a smooth floor, whereas
the Allende crater is
rugged, reflecting the
fine-grained texture of
Allende’s matrix. (C) Fair-
ly deep, bowl-shaped
Stardust crater, sugges-
tive of an equant, dense
impactor [identified as
Mg-rich silicate (5)]. (D)
Compound, shallow Star-
dust crater characterized
by irregular outlines and
overlapping depressions
that are separated by
discrete septa. Such struc-
tures are the result of impactors with distinctly heterogeneous mass distributions, suggestive of aggregate
particles with low bulk densities. Similarly, Stardust craters (E) and (F) are the products of aggregate impactors
with discrete mass centers.
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Traywide scanning of all foils and aerogel

surfaces at modest optical resolutions produced

inventories of all large craters (with crater di-

ameters Dc > 20 mm) and tracks (track diameters

Dt > 100 mm) on the entire collector (15). The

largest crater was 680 mm in diameter, and the

widest track had a bulb diameter of 9.6 mm;

the deepest track was 21.9 mm long. Their

spatial distribution (fig. S4) suggests uneven,

possibly nonrandom location of impact sites. In

addition, detailed SEM analyses of individual

foils reveal occasionally distinct clustering of

craters (fig. S5). Similarly, individual aerogel

cells show groups of small tracks that indicate

distinctly off-normal trajectories, potentially

representing secondary ejecta from the collision

of dust with the upper surface of Stardust’s

collisional Whipple shield. However, none of

the 250 craters and tracks analyzed by the entire

preliminary examination effort indicates the

presence of spacecraft debris (5, 6, 16). This

raises the possibility that the observed clustering

had natural causes. Particle fragmentation within

cometary comae does not seem uncommon (17)

and has been suggested specifically for Wild 2

(18) to explain the distinctly spiked impact rates

observed by Stardust’s Dust FluxMonitor Instru-

ment (DFMI) (19). Current observations are in-

sufficient to distinguish between these scenarios,

and the projectile clustering on Stardust remains

poorly understood.

We next turned to the size frequency and

fluence of Wild 2 dust based on the size fre-

quency of craters and tracks and their areal den-

sity (number per square meter). The detailed

crater and track counts are shown in fig. S6. The

areal density of craters varies among individual

foils by three orders of magnitude atDc > 10 mm.

The areal density of tracks varies as well, but

only by one order of magnitude. This could

relate to the scale of observation and integration,

typically 8 cm2 for individual aerogel tiles, but

only 5 mm2 (or less) for each foil. Regardless,

the highly variable areal densities of both crater

and tracks mandate a particle environment that is

heterogeneous at scales ranging from milli-

meters squared to centimeters squared.

To obtain the size distribution of Wild 2

particles, we generated individual distribution

curves forDc andDt that faithfully represent the

relative size frequency of craters or tracks over

the entire observational size range. Obviously,

the traywide surveys define the large features,

and the most thoroughly documented foils [8,

20, 37, and 52 (fig. S6)] and cells 12 and 23

were averaged for the small crater and track

populations. These diameter data were then

converted into spherical impactors (20). The

results are plotted in Fig. 4. The independent

crater and track calibrations seem to agree well

for projectile diameters Dp < 50 mm, but they

deviate at larger sizes. This is an artifact, because

we assumed all measurements of Dt to be asso-

ciated with type A tracks, akin to the experimen-

tal calibrations (20); bulbous track cavities most

likely require smaller impactors than do carrot-

shaped tracks at the same Dt, considering the

pronounced, radial expansion of fine-grainedma-

terials. For this reason, we consider the crater-

derived data more reliable at present.

A least-squares fit through the crater data

only (inset in Fig. 4), results in a log-log slope

of Dp = –1.72 and thus a mass slope of –0.57.

This disagrees with the averaged slope of –0.85

for particles <50 mm measured by DFMI (19).

However, the latter found large temporal and

mass-dependent variations in this mass index

from <–0.3 to –1.15 (21). The DFMImass index

of approximately –0.5 at Dp > 50 mm, including

absolute fluence, is compatible with the col-

lector observations, but we have no ready ex-

planation as to why the two approaches produce

seemingly discrepant results at the smaller sizes

for comet Wild 2. The mass distribution of

comet Halley (4) varies with particle size (and

distance from the nucleus) but is steeper (~–1.0)

Fig. 3. Comparison of experimental aerogel
tracks at 5 to 6 km s–1 with representative
Stardust features. (A) Carrot-shaped tracks (type
A) produced by two separate experiments, which
used spherical glass projectiles that collided with
the aerogel target at angles of 90° and 45° to the
surface, thus demonstrating that tracks preserve
some trajectory information. (B) Bulbous tracks
resulting from glass projectiles embedded in a
matrix of modestly compacted, very fine (cocoa)
powder; the latter partly disaggregated during
launch, producing poorly defined clods. Some of
these clods contained glass beads that penetrated
deeply to form slender termini (type B tracks),
whereas others were composed of fine-grained
powder only, resulting in type C tracks. (C)
Bulbous track produced by a volatile-rich projec-
tile (lizardite; containing 15% H2O). (D) Stardust
tracks that show, from left to right, the transition
from slender (type A) to bulbous features with
(type B) or without (type C) slender terminal
portions. The total length of the Stardust tracks is
given in millimeters.

Fig. 2. Relative frequency of mineralogically
distinct projectiles inferred from SEM and energy
dispersive spectrometer analyses of projectile
residues found as discontinuous and somewhat
lumpy liners of shock-moltenmaterial on the floors
and walls of Stardust foil craters. (A) Summary of
all analyses. (B) Projectile composition as a func-
tion of crater diameter.
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than that of Stardust over the region measured

by both. Wild 2 dust thus seems deficient in

small particles compared with that of Halley.

The mass index for comet Griggs-Skjellerup,

however, is –0.31 (22), at about Dp > 100 mm,

suggesting fewer small particles than observed

by Stardust.

Using the projectile size distribution and

fluence of Fig. 4, we calculated a total mass of

~3 × 10–4 g of comet material that encountered

the entire Stardust collector, yet the actual mis-

sion yield could be smaller as a result of

impact-induced mass loss. Obviously, most

mass is contained in only a few particles that

are >100 mm, yet thousands of individual craters

and tracks were retrieved that contain residues of

Wild 2 dust massive enough to be analyzed

individually by state-of-the-art instruments.

Such analyses are just beginning.
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Fig. 4. Size distribution of Wild 2 dust, derived
from the measurement of crater and track
diameters (fig. S6) and impact calibration
experiments (7, 20) that used soda-lime glass
(2.4 g cm–3). The 1.1 and 0.4 g cm–3 scale bars
apply only to craters (8), because current track
calibrations are limited to soda-lime glass. Also
plotted are the measurements of DFMI (21),
which suggest a substantially steeper average
slope than the collector observations. For com-
parison, in situ spacecraft observations for
comets Halley [Dust Impact Detection System
(DIDSY) and Particle Impact Analyzer (PIA)] (4)
and Grigg-Skjellerup [DIDSY and Giotto Radio
Science Experiment (GRE)] (22) are included. All
spacecraft observations were modeled as
spherical objects of 2.4 g cm–3, and absolute
fluence was adopted from Green et al. (21).
(Inset) Least-square fit through all projectile
diameter data, excluding the two points at the
smallest sizes.
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Organics found in comet 81P/Wild 2 samples show a heterogeneous and unequilibrated
distribution in abundance and composition. Some organics are similar, but not identical, to those
in interplanetary dust particles and carbonaceous meteorites. A class of aromatic-poor organic
material is also present. The organics are rich in oxygen and nitrogen compared with meteoritic
organics. Aromatic compounds are present, but the samples tend to be relatively poorer in
aromatics than are meteorites and interplanetary dust particles. The presence of deuterium and
nitrogen-15 excesses suggest that some organics have an interstellar/protostellar heritage. Although
the variable extent of modification of these materials by impact capture is not yet fully constrained,
a diverse suite of organic compounds is present and identifiable within the returned samples.

C
omets are small bodies that accreted in

the outer solar system during its forma-

tion (1) and thusmay consist of preserved

samples of the “starting materials” from which

the solar system was made. Organic materials are

expected to be present in cometary samples (2)

and may include molecules made and/or modi-

fied in stellar outflows, the interstellar medium,

and the protosolar nebula, as well as by parent-

body processing within the comet. The presence

of organic compounds in comets and their ejecta

is of astrobiological interest because their deliv-

ery to early Earth may have played an important

role in the origin of life on Earth (3).

An overview of the Stardust mission and the

collection and recovery of Wild 2 samples is pro-

vided elsewhere (4, 5). We describe the results

obtained from the returned samples by the Stardust

Organics Preliminary Examination Team (PET).

Samples were studied using a wide range of

analytical techniques, including two-step laser

desorption laser ionization mass spectrometry

(L2MS), liquid chromatography with UV fluores-

cence detection and time of flight mass spectrom-

etry (LC-FD/TOF-MS), scanning transmission

x-ray microscopy (STXM), x-ray absorption near-

edge spectroscopy (XANES), infrared and Raman

spectroscopy, ion chromatography with conductiv-

ity detection (IC), secondary ionmass spectrometry

(SIMS), and time-of-flight SIMS (TOF-SIMS) (6).

These techniques provide a wealth of information

about the chemical nature and relative abundance

of the organics in the samples. Our results are

comparedwith organicmaterials found in primitive

meteorites and interplanetary dust particles (IDPs)

collected in the stratosphere, as well as to as-

tronomical and spacecraft observations of comets.

Despite some uncertainties associated with

the presence of contaminants and alteration of

the samples during the capture process, consid-

erable information about the nature of the or-

ganics in the samples can be determined.

Some organic-containing contaminants are

present in the returned sample collectors, but they

are of low enough abundance or are sufficiently

well characterized that they can be distinguished

from the organics in the cometary materials in the

returned samples (6). For example, the aerogel

collector medium, which consists predominantly

of amorphous SiO2, contains from a quarter to a

few weight percent C. However, nuclear magnetic

resonance studies indicate that this C is largely in

the form of simple Si-CH3 groups easily distin-

guishable from the cometary organics described

below. It should be noted that not all the collected

organics in the samples will be fully representative

of the original cometary material because some

may have been modified during impact with the

aerogel collectors. There is evidence that at least

some organic compounds were generated or al-

tered by impact heating of this material (6).

Multiple experimental techniques demonstrate

that the samples contain polycyclic aromatic

hydrocarbons (PAHs). L2MS spectra obtained

from individual particles and in aerogel along

impact tracks split lengthwise show PAHs and

their alkylated derivatives. Two distinct types of

PAH distributions along tracks can be distin-

guished from the low backgrounds of PAHs

present in the aerogel (figs. S1 and S2). In some

cases, benzene and naphthalene (1- to 2-ring PAHs,

including alkylation out to several CH3 additions)

are observed in the absence of moderate mass 3- to

6-ring PAHs (fig. S1). These distributions are un-

characteristic of meteorites and IDPs but resemble

pyrolysis products of meteoritic macromolecular

organics and are observed in high-power laser

L2MS measurements of preflight and Stardust

Witness aerogel tiles (6), raising the question about

how many of the lower mass PAHs originate from

impact processing of C original to the aerogel.

The second type of PAH population shows

complex distributions that resemble those seen in

Stardust
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meteorites and IDPs (fig. S2A). For example,

track 16 has a surface covered relatively uni-

formly with aromatic molecules. The organic mass

distribution in this track was intermediate between

typical spectra from primitive chondrites and

individual IDPs. In the 78 to 300 atomic mass unit

(amu) range, the predominant observed species are

naphthalene (C10H8) (2 rings, 128 amu), phenan-

threne (C14H10) (3 rings, 178 amu), and pyrene

(C16H10) (4 rings, 202 amu), along with their

alkylated homologs extending up to at least

C4-alkyl. This distribution strongly resembles that

of matrix material in the Murchison carbonaceous

chondrite and some IDPs (7). However, additional

peaks not accounted for by simple 2-, 3-, and

4-ring Cn-alkyl-aromatics imply a more diverse

suite of organics than found inMurchison. Peaks at

101, 112, 155, and 167 amu, inconsistent with

simple PAHs, were observed when an attenuated

laser photoionization pulse was used to minimize

photofragmentation. These peaks could be due to

O- and N-substituted aromatic species having

hetero-functionality external to the aromatic struc-

ture, that is, not N- or O-heterocyclics. Similar

mass peaks have been observed in several IDPs

(7). The similarity to IDPs extends to masses

beyond 300 amu; several track spectra show mass

envelopes extending up to 800 amu with both odd

and even mass peaks (fig. S2B). Such high-mass

envelopes in IDPs have been attributed to polym-

erization of smaller aromatics within the samples

by radiation processing during their extended

exposure to interplanetary space or heating during

atmospheric entry. Modification of the original

PAH population by heating may also explain the

higher mass envelopes observed in these Stardust

impact tracks.

PAHs were also seen by TOF-SIMS analyses

of a terminal particle extracted from aerogel

(track 44, grain 4), a dissected aerogel keystone

with a particle track split down the middle (track

21), and residues found in a large crater onAl foil

C2009N. All PAHs were correlated to the

presence of grains or the impact feature (fig. S3,

B and C). Cometary samples from track and

terminal particles typically show a steep decrease

in PAH abundances with increasing number of C

atoms in TOF-SIMS data, but this dependence is

weaker for the crater residue (fig. S3A). This

fractionation may be due to preferential loss of

smaller PAHs during impact on the foil compared

with the less violent deceleration into aerogel.

Aromatic materials are also seen using Raman

spectroscopy. Raman spectra, acquired for 12

Stardust particles extracted from tracks 13 (1

particle), 17 (2 particles), and 35 (9 particles), are

dominated by two broad bands centered at ~1360

Dcm−1 and ~1580 Dcm−1 (Fig. 1). These “D” and

“G” bands, respectively, are characteristic of

“disordered carbonaceous material”—graphite-

like sp2-bonded carbon in the form of condensed

carbon rings. Relative peak sizes, peak positions,

and widths of the D and G bands reflect the de-

gree of disorder of the material and can provide

constraints on the degree of thermal metamor-

phism experienced by organic materials (8, 9).

The Raman spectra of the 12 Stardust particles

are qualitatively similar to those ofmany IDPs and

primitivemeteorites (Fig. 1 and fig. S4), indicating

the presence of relatively unmetamorphosed or-

ganic matter. The G-band parameters of the

Stardust samples span the range observed in IDPs

and meteorites (Fig. 1B). It is not clear whether

this variation reflects heterogeneity in the come-

tary samples or variable processing during aerogel

impact. However, the presence of points in the

upper left of the plot indicates that at least some

organics were captured with relatively little al-

teration. A variety of carbonaceous materials

exhibit the D and G bands, including disordered

graphite, large PAHs, and “kerogens” (aromatic

moieties linked together in a disordered manner).

These materials contain condensed aromatic rings

but differ in chemical composition. In addition to

C and H, meteoritic macromolecular organics

contain substantial amounts of O, N, and S, both

in the aromatic rings and in cross-linked side

chains. Raman spectra can reflect such compo-

sitional differences in the overall fluorescent back-

ground of the spectrum. Many Raman spectra of

Stardust particles are characterized by very high

and increasing backgrounds similar to the spectra

obtained from type II kerogen, some deuterium-

rich IDPs (10), and primitive meteorites, indicat-

ing that the samples may be rich in noncarbon

heteroatoms such as N, as confirmed by XANES

and SIMS results [see below and (11)]. In a few

cases, aromatic materials have also been identified

by infrared (IR) spectroscopy (6).

IR spectra taken from tracks and individual

extracted particles provide evidence for the

presence of other, nonaromatic chemical function-

al groups. IR spectra of particles and tracks often

contain absorption features at 3322 cm−1 (–OH),

3065 cm−1 (aromatic CH), 2968 cm−1 (–CH3),

2923 cm−1 (–CH2–), 2855 cm−1 (–CH3 and

–CH2–), and 1706 cm−1 (C=O) (Fig. 2 and figs.

S5 and S6) (12). When present, these features are

particularly intense along the track walls. IR

reflectance spectra of individual grains removed

from impact tracks and pressed into Au substrates

exhibit similar absorption features. One particle

(track 35, grain 26) also showed a weak 2232

cm−1 band possibly due to –C≡N stretching

vibrations. Raman spectra of three Stardust

samples (track 35, grain 30; track 35, grain

32; and track 41, grain 7) are also consistent

with the presence of alkane-type saturated hydro-

carbons (fig. S4). Combined, these spectra data

indicate the presence of aromatic, aliphatic,

carboxylic, and N-containing functional groups.

The observed –CH2– (2923 cm
−1)/–CH3(2968

cm−1) band-depth ratios in the returned samples is

typically ~2.5 (12). This band-depth ratio is similar

to the average value from IR spectra of anhydrous

IDPs (13) but considerably larger than that seen in

macromolecular material in primitive carbona-

ceous chondrites (~1.1) and the diffuse interstellar

medium (ISM) (1.1 to 1.25). This suggests that the

aliphatic moieties in Wild-2 particles are longer or

less branched than those in the diffuse ISM. The

Fig. 1. (A) Raman
spectra of Stardust par-
ticles from track 35,
grain 30 and track 13,
grain 1 (top pair) com-
pared with the spectra
of organics from extra-
terrestrial (middle three)
and terrestrial (bottom
pair) carbonaceous mate-
rials with different fluo-
rescence backgrounds. All
exhibit D and G bands
characteristic of dis-
ordered sp2-bonded car-
bon. The phyllosilicate
bands below 1000 cm−1

in the IDP spectrum have
not been seen in Stardust samples. (B) The G band position and width [full width at half maximum (FWHM)] of
a material reflect its degree of thermal metamorphism and “structural ordering.” The boundaries show the
range of values from more than 40 chondritic meteorites (unshaded area with dashed outline) and 40
IDPs (shaded area with solid outline) analyzed in PET Raman laboratories (9, 10, 29). Analyzed
Stardust particles (points) span the entire range seen in IDPs and meteorites. Organics in highly
thermally metamorphosed meteorites plot to the lower right. The presence of Stardust points in the
upper left indicates that at least some of the cometary organics are very primitive and were captured
with relatively little alteration. One Stardust sample shows an unusually low G-band position (below
1570 cm−1), suggesting diamond-like carbon that has been amorphized, for example, due to particle
irradiation (30). One-sigma error bars represent measurement reproducibility and do not include
estimates of possible interlaboratory biases.
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band depth ratio of ~2.5 corresponds to a func-

tional group ratio of –CH2−/−CH3 ~ 3.7 in the

Wild 2 samples, assuming typical intrinsic band

strengths for these features (14). The ratio of

aromatic to aliphatic C–H is quite variable, with

C–H stretching aromatic/aliphatic optical depth

ratios ranging from below the detection limit to

~0.1 (6).

C,N,O-XANES analyses of thin sections of

individual grains confirm the presence of 1s-p*

transitions consistent with variable abundances of

aromatic, keto/aldehydic, and carboxyl moieties,

as well as amides and nitriles (Fig. 3A). XANES

data suggest that considerably less H- and C-

substituted sp2-bonded C (olefinic and aromatic) is

present than in highly primitive chondritic organic

matter. Aliphatic C likely contributes to spectral

intensity around 288 eV in most of the particles.

One particle (particle 1 in Fig. 3A) has remarkably

simple C chemistry, consistent with a predomi-

nance of alcohol and/or ether moieties. However,

the XANES data generally indicate complex

molecular structures variably rich in heteroatoms

O and N and, compared with the macromolecular

material in primitive meteorites, containing addi-

tional materials that are relatively poor in aromatic

and olefinic C. The high abundances of heter-

oatoms and the low concentration of aromatic C in

these organics differ greatly from the acid insoluble

organic matter in meteorites and, in terms of

thermal processing, appear to be more primitive.

XANES provides quantitative estimates of

atomic O/C and N/C ratios present in the various

functional groups identified (6). Care must be

taken to account forO from any associated silicates

or aerogel. Figure 3B shows that five of six

organic-rich particles are richer in the heteroatoms

O and N relative to both chondritic organic matter

and the average composition of comet P/Halley

particles measured by Giotto (15). The values are,

however, qualitatively similar to the average O/C

and N/C reported for stratospheric IDPs (16).

Particles with such high O/C and N/C ratios are

likely to be relatively labile [see below and (6)].

Particles 2 and 3 are particularly rich in N and

exhibit abundant amide C in their XANES spectra

(Fig. 3A). The presence of N-containing com-

pounds is further suggested by studies of collector

aerogel using LC-FD/TOF-MS. Although PET

attention has largely focused on impacts in the

aerogel and Al foils, Stardust may have returned a

“diffuse” sample of gas-phase molecules that

struck the aerogel directly or that diffused away

from grains after impact. To test this possibility,

samples of flight aerogel were carried through a

hot water extraction and acid hydrolysis procedure

(17) to determine if primary amine compounds

were present in excess of those seen in controls.

With the exception of methylamine (MA) and

ethylamine (EA), all amines detected in Stardust

aerogel samples cell 2054, aerogel fragment 4

(hereafter C2054,4) and cell 2086, aerogel frag-

ment 1 (hereafter C2088,1) were also present in the

witness couponaerogel sample (WCARMI1CPN,9).

The absolute abundances ofMAandEAaremuch

higher, and the molar ratio of MA to EA in

Stardust comet–exposed aerogel (C2054,4: 1.0 ±

0.1; C2086,1: 1.8 ± 0.2) is distinct from preflight

aerogel (flight spare aerogel cell E243-13C,

unflown: 10 ± 3) (6). The absence of MA and

EA in the aerogel witness coupon suggests that

these amines are cometary in origin. The concen-

trations of MA and EA in C2054,4 (0.6 to 2.2

parts per million) were similar to those present in

C086,1, which was not located adjacent to a par-

Fig. 2. IR transmittance spectra
obtained along a line perpendic-
ular to cometary impact tracks
(A) track 59 and (B) track 61. In
addition to aerogel features, the
spectra of track 59 (A) display
peaks at 3322 (broad), 2968,
2923, 2855, and 1706 cm−1

(not shown), both inside the
track and extending outward into
the aerogel. (B) track 61 exhibits
only the aliphatic CH stretching
feature dominated by the 2968
cm−1 peak and (Si-O) bands (not
shown) characteristic of the flight
aerogel. The optical images of
the same tracks, with corre-
sponding maps to the same scale
showing the intensity distribution
of the 2923 cm−1 peak (–CH2–),
are displayed in (C) and (D). The
false-color image scale shown at
the bottom is used in both maps, and the black scale bars correspond to 100 mm. In both cases, the
entrance of the cometary particle is on the left side. The false-color map in (C) shows an increase in
intensity of the 2923 cm−1

–CH2– peak in and near the track. The distributions of other organics
peaks are similar. In contrast, the second track shown in (D) shows almost uniform distribution of
the peak area centered at 2923 cm−1; that is, the track shows only the features of aerogel.

Fig. 3. (A) C-XANES
spectra of six thin-section
samples (1 to 6) com-
pared with spectra of
primitive (EET92042,
CR2) and moderately pro-
cessed (Tieschitz, L3.6)
chondritic organic matter.
Samples are 1, track 16,
grain 1, mount 10; 2,
track 35, grain 16, mount
4; 3, track 22, grain 1,
mount 5; 4, track 35,
grain 32, mount 10; 5,
track 35, grain 32,
mount 8; and 6, (track
13, grain, mount 5)
(samples 4 and 5 are
different thin sections of
the same grain). Specific
organic functional groups are highlighted (dashed lines a to f). a, C=C at ~285.2 eV; b, C=C–O at
~286.5 eV; c, C=O at ~287.5 eV; d, N–C=O at 288.2 eV; e, O–C=O at 288.6 eV; and f, C–O at 289.5 eV.
Sample chemistry ranges enormously, with sp2-bonded carbon varying from nonexistent in sample 1 to
modest in samples 5 and 6 (relative to chondritic organic matter). (B) Atomic O/C and N/C for samples
1 to 6 derived from C,N,O-XANES analysis (black triangles) are compared with chondritic organic matter
(gray squares, where the higher values correspond to petrologic type 1 and 2 and the lower values are
type 3). Average values for comet Halley particles and stratospheric IDPs (15, 16) are marked by a black
star and a large solid circle, respectively. (C) An example of a sample thin section from track 35, grain
32, mount 8 (spectrum 5) revealed as a high-resolution (40-nm pixel size) STXM optical density image
(scale bar, 1 mm) on the carbon 1s absorption edge.
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ticle track, suggesting that these amines, if

cometary, originate from submicron particles or

gas that directly impacted the collector. Glycine is

also present in samples C2054,4 and C086,1 at

relative abundances that exceed those found in

controls. This may indicate that a cometary com-

ponent for this amino acid is also present.

Compound-specific isotope measurements will be

necessary to constrain the origin of these amines.

NoMA, EA, or glycine was detected in non–acid-

hydrolyzed aerogel extracts. This suggests that

these amines are present in an acid-soluble bound

form rather than as a free primary amine. These

results are consistent with the XANES detection of

an amine-rich organic polymer in some of the

recovered particles.

Raman (Fig. 1B), XANES (Fig. 3), and

isotopic (11) data all demonstrate that the dis-

tribution of organics (overall abundance, function-

ality, and relative elemental abundances of C, N,

and O) is heterogeneous both within particles and

between particles. The STXM XANES results

showvariations in the physical distribution of these

materials within particles, and the IR mapping of

particle tracks (Fig. 2) shows the presence of

organic features in some impact tracks but not

others. The degree to which these variations rep-

resent heterogeneity in the original samples versus

differences in impact processing is currently not

fully constrained. On the whole, the chemical vari-

ations suggest that cometary organics do not rep-

resent an equilibrated reservoir of materials.

Most of the organic material in meteorites is in

insoluble macromolecular phases. In contrast, the

Stardust samples show evidence of abundant,

relatively labile organics. In many cases, the or-

ganic components that produce the –OH, –CH3,

–CH2–, and C=O IR absorption bands extend well

beyond the visible edge of the track (Fig. 2). This

suggests that the incoming particles contained

organics that volatilized during impact and diffused

into the surrounding aerogel. This material is

unlikely to be due to impact-altered C from the

aerogel because similar tracks are seen in the same

aerogels that show no IR-detectable organics

beyond those seen in the original aerogel (Fig. 2).

All impacting particles had identical velocities, and

tracks of similar length probably had similar

impact energies. Consequently, similar amounts

of organics would be expected in all tracks if this

material came solely from reprocessing of C in the

aerogel. Also, if impact-driven oxidation of C in

the aerogel was occurring, the C=O bandmight be

expected to be seen in and around all tracks, but

this feature is only seen in tracks with the other

organic features. Finally, locations near tracks

show no deficits of the –CH3 original to the

aerogel, implying that the original C has not been

substantially converted to other forms.

Hydrogen isotopic measurements were made

by SIMS in fragments of five particles (11). D/H

enrichments up to three times terrestrial were ob-

served in three of five measured samples. D

enrichments are often seen in meteoritic and IDP

organics and are thought to be due to materials

with an interstellar/protostellar chemical heritage

(18–20). In all cases, the D-rich H is het-

erogeneously distributed within the samples and

is associated with C, indicating it is organic. The

elevated D/H ratios are comparable to those of

many IDPs and meteoritic samples, although none

of the cometary samples examined to date have

shown ratios as extreme as the most anomalous

values measured in some IDPs, meteorites, and

some cometary coma gases.

Isotopic anomalies are also observed in C and

N (11). As with IDPs and meteorites, these

anomalies often appear in the form of “hot spots”

that differ from the surrounding particle. Nano-

SIMS ion imaging demonstrates that N and S are

associated with organic molecules (Fig. 4). The

samples show a distribution of N/C ratios ranging

from 0.005 to values approaching 1. Some

particles exhibit the entire range of values, whereas

others fall more uniformly at the high N/C end of

the range, consistent with the XANES data (Fig.

3B). However, there are regions with high C

content that are not rich in N. Sulfur is typically

associated with C and N but is also distributed in

small hot spots, presumably due to sulfides, which

are commonly seen in the returned samples (21).

When observed, the D and/or 15N enhance-

ments provide clear evidence of a cometary origin

for the organics and suggest that cometary organics

contain a populationwith an interstellar/protostellar

chemical heritage. Particles withmeasured isotopic

anomalies are represented among the samples

studied by other techniques by the Organics PET.

For example, FC9,0,13,1,0 (track 13, grain 1)

(particle 6 in Fig. 3) was examined by XANES,

and track 13, particle 1; track 17, grain 1; and track

35, grain 25 were measured by Raman.

In terms of sample heterogeneity, the organ-

ics found in Stardust samples are similar to strato-

spheric IDPs and primitive meteorites. Like

meteoritic organic matter, they contain both aro-

matic and nonaromatic fractions. However, the

Stardust samples exhibit a greater range of com-

positions (higher O and N concentrations), include

an abundant organic component that is poor in

aromatics, and contain a more labile fraction.

These latter two “components” could possibly be

accounted for by a single population of organics.

The nonaromatic fraction appears to be far more

abundant, relative to aromatics, than is seen in

meteorites. In general terms, the organics in

Stardust samples are even more “primitive” than

those in meteorites and IDPs, at least in terms of

being highly heterogeneous and unequilibrated.

The Cometary and Interstellar Dust Analyzer

(CIDA)TOF-MS instrument on the Stardust space-

craft detected very few particle impacts during the

flyby (22). However, some of the returned mass

spectra suggest the presence of particles with a

nitrogen-rich chemistry and lower abundances of

O, implying that nitriles or polycyanides may have

been present (22). Although direct comparisons are

not possible, studies of the samples confirm that

N-rich components are present in the dust.

The presence of high O andN contents and the

high ratios of –CH2−/−CH3 seen in the infrared

data indicate that the Stardust organics are not

similar to the organic materials seen in the diffuse

ISM, which look more similar to the insoluble

macromolecular material seen in primitive mete-

Fig. 4. Distribution of C and N.
(A) Histograms of C/N ratios in
organics in three different Stardust
samples. One sample (top) shows a
large spread in C/N, whereas two
samples (bottom) have organics
characterized by low C/N ratios,
consistent with the presence of
volatile organic molecules such as
HCN or their polymer counter-
parts. (B) NanoSIMS images of
the distribution of C, N, and S in
a region of an aerogel sample
from along track 35 containing
cometary materials. The intensity
of the signal increases from blue to
red to bright yellow. C, N, and S
distributions are clearly correlated,
although considerable variations
in their relative abundances are
observed. S is also present in a
population of hot spots that likely
indicate the presence of sulfides.
The color scale in the S map is logarithmic, in order to show the large difference in S count rates between
the organics and the sulfides. The distribution of C and N is qualitatively similar in particles both with
and without 15N excesses. The location labeled IOM (CCs) in the upper left panel denotes the C/N ratio of
the insoluble organic matter found in carbonaceous chondrites.
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orites, but with even lower O/C ratios (23). This

suggests that the Stardust organics are not the

direct result of stellar ejecta or diffuse ISM

processes but rather result from dense cloud and/

or protosolar nebular processes. The high O and N

contents, lower aromatic contents, and elevated

–CH2−/−CH3 ratios are all qualitatively consistent

with what is expected from radiation processing of

astrophysical ices and the polymerization of simple

species such as HCO, H2CO, and HCN (24–26).

The Stardust samples clearly contain an organic

component that is more labile than the materials

seen in meteorites and IDPs. These labile materials

may be absent from stratospheric IDPs because

they are lost during atmospheric entry heating and/

or are destroyed ormodified by radiation during the

IDPs’ transit from parent body to Earth. Given the

O- andN-rich nature of the Stardustmaterials, these

labile organics could represent a class of materials

that have been suggested as parent molecules to

explain the extended coma sources of some

molecular fragments like CN (27, 28). The high

O/C and N/C ratios of the samples fall well outside

the range of most meteorites and, interestingly

enough, reach higher values than those observed at

comet Halley by the Giotto spacecraft (15). In this

respect, some of the returned material appears to

represent a new class of organics not previously

observed in other extraterrestrial samples.
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Hydrogen, carbon, nitrogen, and oxygen isotopic compositions are heterogeneous among comet
81P/Wild 2 particle fragments; however, extreme isotopic anomalies are rare, indicating that the
comet is not a pristine aggregate of presolar materials. Nonterrestrial nitrogen and neon isotope ratios
suggest that indigenous organic matter and highly volatile materials were successfully collected.
Except for a single 17O-enriched circumstellar stardust grain, silicate and oxide minerals have oxygen
isotopic compositions consistent with solar system origin. One refractory grain is 16O-enriched, like
refractory inclusions in meteorites, suggesting that Wild 2 contains material formed at high
temperature in the inner solar system and transported to the Kuiper belt before comet accretion.

T
he isotopic compositions of primitive solar

systemmaterials record evidence of chem-

ical and physical processes involved in the

formation of planetary bodies ~4.6 billion years

ago and, in some cases, provide a link to mate-

rials and processes in the molecular cloud that

predated our solar system. The vast majority of

isotopic analyses of extraterrestrial materials

have been performed on chondritic (undifferenti-

ated) meteorites, samples of asteroids that likely

accreted at 2 to 4 astronomical units (AU) within

the first fewmillion years of solar system history.

Comets formed in much colder regions of the

protoplanetary disk and are widely considered to

consist of more primitive matter than even the

most unequilibrated meteorites.

Analyses of isotope compositions of com-

ets are rare. Measurements of D/H, 13C/12C,
15N/14N, or 18O/16O have been made for a few

abundant molecules in gases of several comet

comae by ground-based spectroscopy (1–3) and of

comet P/Halley by mass spectrometers on the

Giotto spacecraft (4). Direct measurements of

isotope compositions in the dust fraction of com-

ets are limited to low-precision data from theHalley

flyby (5). Isotopic measurements of stratosphere-

collected interplanetary dust particles (IDPs) dem-

onstrate the highly primitive nature of many

anhydrous IDPs [e.g., (6, 7)]; however, a cometary

origin for specific individual particles cannot be

ascertained. Here, we report laboratory analyses of

the light “stable” isotopes of H, C, N, O, and Ne in

individual grains, particle fragments, crater debris,

and/or trapped volatile materials collected from

comet 81P/Wild 2 and returned to Earth by the

NASA Discovery Mission, Stardust.

The goals of the Isotope Preliminary Examina-

tion Team analyses are to provide first-order

answers to questions relating to the provenance of

Wild 2 dust: (i) Does the comet consist of a

mechanical agglomeration of essentially unpro-

cessed, or perhaps only thermally annealed,

presolar materials? (ii) Do comets provide a

well-preserved reservoir of circumstellar dust grains

(8) with distinct nucleosynthetic histories (i.e.,

stardust)? (iii) Can isotopic signatures establish

whether extraterrestrial organicmaterials are present

above contamination levels? (iv) What are the
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relations to known isotope reservoirs in meteoritic

samples and in IDPs? (v)What are the implications

for mixing and thermal processing in the early solar

system? The preliminary examination has focused

on the abundant light elements H, C, N, and O and

on light noble gases because they have charac-

teristic isotopic signatures that vary widely in solar

system materials [e.g., (9)] and compositions that

can often be linked to distinct astrophysical envi-

ronments and/or processes.

Hydrogen isotopic compositions in bulk frag-

ments of five Wild 2 particles (see supporting

online material) range from values similar to those

of terrestrial and chondritic particles, up tomoderate

D/H enhancements of about three times the D/H in

mean ocean water (Fig. 1, table S1). Variations in

dD within a particle are also observed with some

“hotspots” having a dD up to 2200 ± 900 per mil

(‰) (10). All the observed D enrichments are

associated with carbon, although only one of the

samples (T17) is dominated by carbonaceous

material. Although overlapping the range of values

observed for IDPs (11, 12) and water in (Oort

cloud) comets (4), themaximumD/H iswell below

that characteristic of a minor component of organic

matter in anhydrous IDPs, especially of the low-

density “cluster” type thought to be derived from

comets (13). The maximum D/H values of Wild 2

grains are also far less than those measured in small

hotspots of insoluble organic matter separated from

carbonaceous chondrites (14) and in cometary

HCN ice (15), which are both thought to have

close affinities to organic material produced at very

low temperatures inmolecular cloud environments.

It is not known if this relative paucity of highly D-

enriched matter signifies an intrinsic difference

between Wild 2 samples and macromolecular

materials in IDPs and carbonaceous chondrites. It

is also possible that D/H signatures were modified

during impact. Because of the association with

carbon and the lack of evidence for any hydrated

minerals in Wild 2 particles, it is unlikely that D/H

values can be ascribed to Wild 2 water.

Some cometary volatiles appear to have been

captured. Helium, neon, and argon abundances, as

well as 20Ne/22Ne ratios, were analyzed in two bul-

bous sections of an impact track that contains

fragments of fine-grained impactor material mixed

withmelted aerogel along its periphery. Noble gases

in a control sample (unexposed aerogel taken from

the rear portion of a collector cell) are consistentwith

system blanks, indicating that flight aerogel does not

contain a detectable background of noble gases. In

contrast, aerogel fragments containing the impact

track show excess He and Ne above blank levels by

factors of 3 to 4 (table S2), suggesting that the very

rapid time scales (<ms) for melting of aerogel during

deceleration of comet particles helped trap indige-

nous cometary volatiles. This inference is supported

by measured 20Ne/22Ne ratios, which are sig-

nificantly higher than that in air. In a 22Ne/20Ne

versus 4He/20Nediagram (fig. S1), the data donot lie

on a puremixing trajectory between air and the solar

composition but instead point toward a nonatmo-

spheric end-member with a 4He/20Ne ratio lower

than solar, consistent with expectations for comets

due to preferential trapping of heavier noble gases in

ice accreted at ~30 K (16).

Carbon and nitrogen isotope analyses were

made by isotopic mapping with NanoSIMS in-

struments, measuring atomic ions of C− and iso-

topologs of the intense CN− beam, respectively.

Microtomed particles extracted from aerogel, as

well as Al-foil crater debris, were mapped with a

spatial resolution of ~100 nm to search for isotopic

anomalies that could identify circumstellar dust

grains like the C- and N-rich phases (SiC, Si3N4,

graphite) found in primitive meteorites (17). No

circumstellar dust grainswere definitively identified

despite an intensive search comprising more than

20 slices and fragments from a dozen particles and

~5700 mm2 of debris in and around six small (<2

mm) and four large (>50 mm) craters on Al-foil

collectors. This result contrasts sharply with

inferences of a population of nearly pure 12C grains

in comet Halley (5). One ~150-nm region from the

bottom of a large Al-foil crater has an isotopic

composition (d13C = 59 ± 61‰; d15N = −518 ±

60‰) that falls in a range consistent with

“mainstream” presolar SiC grains (17); however,

the grain was sputtered away before a mineral

identification could be made. Another hotspot was

enriched in 13C (d13C = 964 ± 219‰) and depleted

in 15N (d15N=−415±94‰), typical ofmainstream

SiC; however, the ion-emission area was not as

localized as would be expected for a very small

circumstellar grain and, moreover, showed a high

abundance of nitrogen (inferred C/N ~ 3). This

grain disappeared rapidly during analysis, as did a

second spot with a low inferred C/N ratio ≈ 6 and

low d
15N ≈ −350‰. This behavior is consistent

with sputtering of labile organic material. Notably,

this isotopically light nitrogen component is rarely

seen in IDPs (7, 18), but within ~10%uncertainties,

is consistent with estimates of the nitrogen isotopic

composition in HCN gas from comet Hale Bopp

(19) and of the solar composition based on analyses

of the jovian atmosphere (20) and of solar wind

implanted in lunar grains (21).

On a micrometer scale, all samples are homog-

eneous in both C and N isotope compositions and

show no correlation between d
13C and d

15N (Fig.

2). Carbon isotopes fall in a particularly restricted

rangewithmost “bulk” d13Cvalues falling between

−20 and −50‰. This range is somewhat higher

than recent estimates (d13C = −105 ± 20‰) of the

solar carbon isotope composition (22), but is com-

patible with carbon isotopes in other primitive solar

system matter including IDPs (6) and most organic

matter in chondrites (23).
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Fig. 1. Hydrogen isotopic compositions in bulk
fragments (solid circles) of five Wild 2 particles and
in micrometer-sized subareas of one particle (open
circles) compared to SMOW and to ranges of
laboratory measurements of D/H in IDPs and in
insoluble organic matter (IOM) from chondritic
meteorites. Also shown are an estimate for
protosolar H2 and ranges of D/H measured re-
motely for specific gaseous molecules from comets
and for molecular clouds. Error bars are 1s.
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Awider range is observed for “bulk” nitrogen

with many samples clustering near 0‰ (atmo-

spheric) but others showing modest d15N enrich-

ments of +100 up to ~500‰, similar to the range

observed for anhydrous IDPs (7). On a submi-

crometer scale,more-extreme values are foundwith

a maximum d
15N of 1300 ± 400‰, similar to the

highest values found in refractory organic matter in

IDPs (7) and meteorites (14). Unlike IDPs,

however, the Wild 2 samples display both low

and high d15N, indicating an unequilibratedmixture

of a low-d15N (perhaps icy) component and amore

refractory (high C/N) organic material with high

d
15N and isotopically “normal” carbon. The fact

that most IDPs are characterized by 15N excesses

may reflect the instability of the more labile, low-d
15N component during atmospheric-entry heating.

Thus, theWild 2 samples could represent a different

type of organicmaterial than that available for study

through the stratospheric IDPs, although it is

puzzling that the Wild 2 particles analyzed thus

far appear to be deficient in total organic matter

compared to most IDPs. This observation

contradicts expectations of comets as being very

rich in organic matter and may indicate that much

of the Wild 2 organic matter did not survive the

capture process as discrete phases still closely

associated with silicate minerals.

Oxygen is the most abundant element in rocky

planets, asteroids, and comets and exhibits distinc-

tive isotopic compositions that are essentially

unique to each class of planetary materials from

the inner solar system (24). Although the isotopic

variations that occur on planetary scales are

relatively subtle (less than a few ‰), individual

components of unequilibrated meteorites have

oxygen isotope compositions varying by 50‰ or

more in relative abundances of 16O [e.g., (9)].

These isotopic variations are fairly systematic (25)

and, together with planetary-scale variations, imbue

oxygen with a unique diagnostic capability to indi-

cate sample provenance (24). Orders-of-magnitude

larger isotopic variations are observed in presolar

oxide and silicate dust grains that condensed in

the outflows of evolved, mass-losing stars and in-

herited specific isotopic compositions due to local

nucleosynthetic processes (26). Few definitive data

exist regarding oxygen isotope compositions in

cometary materials. In situ measurements of water

ice from cometHalley,made by theGiottomission,

yield d
18O = 12 ± 75‰, but no measurement of

d
17O is available (4).

Oxygen isotope measurements of Wild 2 sam-

plesweremadebymapping techniques to search for

presolar grains and by focused probe SIMS on

individual particle fragments to relate the comet

samples to known classes ofmeteoriticmaterials. Of

some 2 dozen particle fragments prepared as

microtomed (<200 nm thick) sections from aerogel

keystones, no candidate presolar grains were

identified on the basis of extreme oxygen isotope

anomalies (supporting online material). For several

samples, the measurement of oxygen isotopes was

compromised bymixingwithmelted aerogel,which

could not be resolved evenwith the <100-nm spatial

resolution of the NanoSIMS. Therefore, residues

from impact craters in the Al-foil targets were also

examined by high-resolution isotope mapping.

Thirty-seven small craters, between 320 nmand

1.5 mm in diameter, and four large craters (59, 72,

140, and >200 mm in diameter) were mapped,

resulting in the identification of ~104 O-rich sub-

areas. Only one presolar grain was found (Fig. 3).

The ~250-nm grain is highly enriched in 17O and

slightly depleted in 18O compared to solar sys-

tem samples and has a composition of 17O/16O =

(1.01 ± 0.20) × 10−3 and 18O/16O = (1.77 ± 0.24) ×

10−3. This isotopic composition is typical for

presolar oxide (and silicate) grains belonging to

“group 1,” thought to originate in red giant or

asymptotic giant-branch stars (26). Unfortunately,

the mineralogy of the grain could not be deter-

mined, although it is likely that it was a relatively

refractory oxide or silicate.

High-precision oxygen isotope measurements

were made in 5- to 10-mm spots of individual

“terminal grains” separated from aerogel tracks and

pressed into clean Au foil. Fragments from one

enstatite-rich grain (T69) and one forsterite-rich

grain (T22) have similar oxygen isotope composi-

tions that plot slightly below the terrestrial mass-

dependent fractionation (TF) line and to the low

d
18O side of the 16O-mixing line that characterizes

refractory components (calcium- and aluminum-

rich inclusions, CAIs) in chondrites (Fig. 4; table

S2). Although unlikely, we cannot exclude the pos-

sibility that the deviation of the T69 and T22 data

from the CAI mixing line is due to minor con-

tamination with aerogel (supporting online

material). The oxygen isotopic compositions of

these Mg-rich silicates fromWild 2 are compatible

with those of most mafic silicate minerals from

carbonaceous chondrite chondrules.

Oxygen isotopes were also measured in a poly-

mineralic refractory grain (T25, “Inti”) by means of

bothNanoSIMSmapping and higher-precision IMS

1270 spot measurements (supporting online mate-

rial). The sample consists of a fine-grained mix of

spinel, Al-rich diopside, melilite, and anorthite, with

aminor component of perovskite (27). Although the

NanoSIMS analyses resolve individual phases, it

was not possible to avoid samplingmultiple mineral

phases during the IMS 1270 analyses (5-mm-

diameter spot). The consistency of the data (Fig. 4)

demonstrates that the sample is isotopically homo-

geneous with an 16O-rich composition compared to

most planetary materials (d18O ≈ d
17O ≈ −40‰).

Notably, this composition is virtually identical to that

of a large population of CAIs and refractory oxide

grains in chondrites (9). Similarly 16O-enriched

compositions have been observed for rare refrac-

tory IDPs collected in the stratosphere (28), but

the relation between these particles and meteor-

itic CAIs has not been thoroughly investigated.

As an ensemble, the isotopic compositions of the

light elements—H, C, N, O, and Ne—demonstrate

that the dust of comet Wild 2 is an unequilibrated

aggregate of material from different sources. The H,

C, andN isotope compositions indicate the presence

of several minor components that are isotopically

fractionated to a large extent, probably reflecting

chemical reactions at very low temperatures like

those characteristic of molecular cloud or, possibly,

Edgeworth-Kuiper belt environments. This is

consistent with a general view of Jupiter family

comets as having accreted from cold materials at

the edge of the solar nebula.

Two observations, however, run counter to ex-

pectations: (i) The abundance of presolar grains

appears to be low compared with that of primitive

meteorites and IDPs, and (ii) the comet contains

high-temperature silicate and oxide minerals with

oxygen isotopic compositions essentially identical

to those of analogous minerals in carbonaceous

chondrites. The first observation could perhaps be

explained as a preservation effect, i.e., loss of

presolarmaterials during impact, yet the one presolar

grain firmly identified was found in the residue of

the largest impact crater so far investigated (the grain

Fig. 2. Correlated carbon and
nitrogen isotopic compositions
of individual cometary grains
compared with literature data
(gray circles) for stratosphere-
collected IDPs (7). Shown are
average values for cometary
grains prepared as microtome
sections (open squares), for frag-
ments extracted from aerogel
and pressed into Au foil (open
circles), and for residue in and
surrounding craters in the Al foil
collector (solid circles). Also
shown are selected hotspots (sol-
id squares) from the crushed
samples. Error bars are 2s.
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actually punctured the Al foil). If similar grains were

abundant, they should have been seen in or around

other craters and in the aerogel as well. However, if

most of the presolar material in Wild 2 consists of

interstellar amorphous silicates rather than circum-

stellar mineral grains, then it is possible that these

would not be recognized either because of toomuch

mixing with aerogel or, in the case of residue in

Al-foil craters, because they might not possess

sufficiently anomalous oxygen isotopic composi-

tions to be identified as nonsolar. On the other

hand, the crystalline silicate and oxide minerals

for which we have oxygen isotope data could not

have formed by annealing (devitrification) of

presolar amorphous silicates in the Kuiper belt.

Not only is such an origin incompatible with the

chemistry and mineralogy of these grains, but,

because these grains differ markedly in their

relative 16O abundances, they also could not have

formed from a single isotopic reservoir. The sim-

ilarity in O-isotope composition between Wild 2

grains and materials from carbonaceous chon-

drites is pronounced. Identifying precisely what

regions of the inner solar system may be sampled

by this comet is clearly central to understanding

the scale of radial mixing outward in the solar

protoplanetary disk.

Most interstellar silicate dust is thought to be

amorphous (29), and with recent recognition of the

relatively large fraction of crystalline silicates in

comets and in protostellar disks based on infrared

spectral data [e.g., (30)], astronomers have postu-

lated mixing of dust from inner warm regions,

where ambient conditions are above glass transition

temperatures, outward to Kuiper belt regions [e.g.,

(31, 32)]. However, other observations suggest

production of crystalline silicates (specifically for-

sterite) at large (>10 AU) stellar distances (33). That

the CAI-like particle (Inti) has the same intrinsic

oxygen isotopic properties as CAIs from all major

classes of primitivemeteorites argues strongly for an

origin in the same source region as meteoritic CAIs

(9). One possibility is that this region could be at the

inner truncation of the accretion disk (<0.1 AU)

where very high temperatures exist. Here, winds

associated with bipolar outflows, driven by inter-

actions of the youngSunwith the accretion disk, can

carry small refractory particles to large heliocentric

distances where they can accrete together with cold,

icy materials (34, 35). Other models (36) invoke

turbulent transport of hot inner nebula (silicate) dust

out to zones of comet accretion, which could ac-

count for the carbonaceous chondrite-like isotopic

compositions ofWild 2 olivine and pyroxene grains.

We conclude that the coupled oxygen isotopic and

mineralogic data are best understood as indicating

that a large fraction of dust in comet Wild 2 is

derived from chemically and thermally processed

precursors from the inner solar system, consistent

with predictions of the X-wind and other models

(34–36) for the protosolar disk.
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1

Infrared spectra of material captured from comet 81P/Wild 2 by the Stardust spacecraft reveal
indigenous aliphatic hydrocarbons similar to those in interplanetary dust particles thought to be
derived from comets, but with longer chain lengths than those observed in the diffuse interstellar
medium. Similarly, the Stardust samples contain abundant amorphous silicates in addition to
crystalline silicates such as olivine and pyroxene. The presence of crystalline silicates in Wild 2 is
consistent with mixing of solar system and interstellar matter. No hydrous silicates or carbonate
minerals were detected, which suggests a lack of aqueous processing of Wild 2 dust.

C
omets are widely believed to be repositories

of the building blocks of the solar system

that include both presolar and early nebular

matter. The nature of the organic and inorganic

materials in comets is frequently inferred through the

analysis and interpretation of features in their

infrared (IR) spectra, especially the mid-IR (2.5 to

15 mm) and far-IR (15 to 100 mm) parts of the

spectrumwhere organicmaterials andminerals have

diagnostic bands. Ground-based and spacecraft

observations of comet P/Halley provided new in-

sights into the nature of comets, including their

organic inventory (1) and mineralogy with the de-

tection of crystalline olivine (2–4). In the past

decade, IR spectroscopy as a method to study

comets and objects outside our solar system has

blossomed. The Infrared Space Observatory (ISO)

obtained IR spectra over a wide spectral range (2.4

to 200 mm) tracing the widespread occurrence of

crystalline silicates in many astrophysical objects

including comets, young stars (e.g., Herbig Ae/Be

stars), and evolved stars [(5) and references therein]

following ground-based observations (6, 7). The

Spitzer Space Telescope has substantially extended

and broadened that view. The inferred mineralogy

of dust ejecta from theDeep Impact mission, which

includes phases such as hydrous silicates and car-

bonate minerals, is already challenging long-held

beliefs on the nature of comets (8). In addition, a

large database (9, 10) exists on the physical proper-

ties (e.g., composition,mineralogy, isotopic system-

atics, IR spectra) of cometary interplanetary dust

particles (IDPs) collected in Earth’s stratosphere.

With bona fide samples of a specific comet now

returned by the Stardust mission (11), the detailed

analysis of these samples can be used to test the

chemical and mineralogical composition of comets

as determined from astronomical measurements,

comet encounter missions (Giotto, Puma, Deep

Impact), and laboratory analyses of cometary IDPs.

We present results obtained by Fourier

transform infrared (FTIR) spectroscopy on ma-

terials from comet 81P/Wild 2 returned by the

Stardust mission and compare them with astro-

nomical data and laboratory results from primitive

solar system materials. Indigenous organic matter

from Wild 2 was collected by the Stardust mission

and survived capture [see also (12)]. It is associated

with discrete grains and as finely disseminated

material within impact cavities in the aerogel col-

lection medium. FTIR measurements of extracted

grains and in situ measurements from individual

impact tracks show absorption features in the C-H

stretching region that are consistent with long-chain

aliphatic hydrocarbons (Fig. 1). The IR feature

consists of a strong CH2 asymmetric stretch at

~2925 cm−1 and aweaker CH3 asymmetric stretch

at ~2960 cm−1. A third aliphatic CH stretching

band is seen near 2855 cm−1. In pure aliphatic

hydrocarbons, this region contains two distinct

features due to the symmetric stretching vibrations

of CH3 and CH2 groups. However, these two

modes often become strongly blended when the

aliphatic groups are bound to strongly perturbing

15 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org1728

Stardust

Zinio
page=1728

http://www.sciencemag.org/cgi/content/full/314/5806/1724/DC1
http://www.sciencemag.org


groups (e.g., aromatic molecules) (13, 14). The

Wild 2 spectra are consistent with the presence of

aliphatic groups attached to othermolecules.Weak

carbonyl C=O and C–C bending vibrations also

occur in spectra from several grains. Hydrogen

isotopic measurements show that the organic-rich

grain in Fig. 1 is moderately enriched in deuterium

(15). The Stardust aerogel contains organic residue

from its manufacture and shows CH2 symmetric

and asymmetric bands at ~2872 and ~2967 cm−1,

respectively, and aCH3 asymmetric band at ~2928

cm−1. The aerogel C-H feature is dominated by the

CH3 symmetric stretch band at ~2967 cm
−1 and is

distinct from the Wild 2 organic matter (Fig. 1).

The aromatic CH feature at ~3050 cm−1 has been

detected in two of the grains analyzed to date by

IR spectroscopy, including grain C2054,0,35,16,0

(Fig. 2). Aromatic species have also been detected

in Stardust samples by two-step laser desorption–

laser ionization mass spectrometry, and a highly

disordered graphitic carbon has been observed

with Raman spectroscopy [the G bands are

characteristic of aromatic carbon (12)].

The observed C-H feature in Stardust par-

ticles bears a close resemblance to the features

seen in primitive IDPs in terms of peak shapes,

positions, and the CH2/CH3 stretching band

depth ratio (14, 16, 17). The observed CH2/CH3

band depth ratio in the Wild-2 particles is ~2.5

and is the same as the average value obtained

from IR spectra of anhydrous IDPs. This ratio is

clearly larger than that measured for the macro-

molecular material extracted from primitive

carbonaceous chondrite meteorites such as

Orgueil and Murchison, which have CH2/CH3

band depth ratios of ~1.1 (16, 18, 19). There are

also large differences between the Wild 2 CH

features and those observed in astronomical mea-

surements (Fig. 1). The organic component of inter-

stellar dust in the diffuse interstellar medium (ISM)

is dominated by hydrocarbons (both aliphatic and

aromatic forms) with little or no O in attached func-

tional groups such as carbonyl and alcohols (20).

The C-H stretching features of aliphatic hydrocar-

bons are observed along many lines of sight in the

diffuse ISM (13, 18, 21–24) and show CH2/CH3

band depth ratios ranging from 1.1 to 1.25 (13, 21),

indicating that the aliphatic chains in Wild 2

particles and IDPs are longer (or less branched) than

those in the diffuse ISM. The fact that the CH2/CH3

ratios of the cometary grains and the ISM grains

are different suggests that the primary organic ma-

terials that formed in the ISMmay have been pro-

cessed before their incorporation into the parent

body. Processing of Wild 2 organic matter is also

supported by the higher O/C ratios of the Stardust

samples relative to diffuse ISM organics (12).

Comparison of theWild 2 C-H feature to that in

other comets is difficult.Astronomicalmeasurement

of theC-H feature inmost comets (1) is complicated

because it represents a mixture of gas-phase spe-

cies such as CH3OH superimposed on absorption

bands from solid grains (25). After subtraction of

the gas-phasemolecules, the remaining solid-phase

carbonaceous material shows a strong contribu-

tion from the asymmetric CH2 stretching vibration

of aliphatic hydrocarbons (25), which is consistent

with observations from the Wild-2 samples.

The extent to which the capture process

modified Wild 2 organic matter is currently not

fully understood. Certainly there has been redis-

tribution of organic material along the walls and

margins of the impact bulbs (12), and there is lack

of petrographically recognizable carbonaceous

material associated with many terminal particles

(26). Labile organic material that is moderately

deuterium-rich survived capture, and Raman

spectroscopy data from the same grain are con-

sistent with very primitive and poorly ordered

carbonaceous material.

Amorphous silicates are the dominant silicate

in the ISM and show a broad and featureless

absorption band in the IR that has a maximum at

9.7mm(27). The contribution of crystalline silicates

such as olivine and pyroxene to this feature is

estimated to be <2% (28, 29). Amorphous silicates

are also a major component of anhydrous IDPs,

many of which are believed to have a cometary

origin. Themajority of amorphous silicates in IDPs

occur as GEMS (glass with embedded metal and

sulfides) grains (30). GEMS grains are typically

0.1 to 0.5mmin diameter, contain variable amounts

of nanophase FeNi metal and Fe sulfide grains as

1Astromaterials Research and Exploration Science Directorate,
Mail Code KR, NASA-Johnson Space Center, Houston, TX
77058, USA. 2Institute for Geophysics and Planetary Physics,
Lawrence Livermore National Laboratory, Livermore, CA
94550, USA. 3Istituto Nazionale di Astrofisica (INAF)–
Osservatorio Astrofisico di Catania, Via Santa Sofia 78,
95123 Catania, Italy. 4Institut d’Astrophysique Spatiale,
91405 Orsay Cedex, France. 5Department of Astronomy,
University of Washington, Seattle, WA 98195, USA. 6Depart-
ment of Terrestrial Magnetism, Carnegie Institution, Wash-
ington, DC 20015, USA. 7INAF–Osservatorio Astronomico di
Capodimonte, Via Moiariello 16, 80131 Napoli, Italy. 8School
of Physical Science, University of Kent, Canterbury, Kent CT2
7NR, UK. 9Novaetech s.r.l., Piazza Pilastri 18, 80125
Napoli, Italy. 10Physics Department, State University of New
York, Plattsburgh, NY 12901, USA. 11Open University,
Milton Keynes MK7 6AA, UK. 12Department of Mineralogy,
Natural History Museum, London SW7 5BD, UK. 13Engineering
Science Contract Group, NASA Johnson Space Center, Houston,
TX 77058, USA. 14Laboratory for Space Sciences, Washington
University, St. Louis, MO 63160, USA. 15Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, CA
91109, USA. 16Dipartimento di Scienze Applicate, Uni-
versità degli Studi di Napoli “Parthenope,” 80133 Napoli,
Italy. 17Astrophysics Branch, NASA-Ames Research Center,
Moffett Field, CA 94035, USA. 18Department of Physics,
University of California, Berkeley, CA 94720, USA.

*To whom correspondence should be addressed. E-mail:
lindsay.p.keller@nasa.gov

Fig. 1. (A and B) The C-H stretching features
from grain FC9,0,13,1 (A) showing well-resolved
CH2 and CH3 stretching features distinct from the
CH3-dominated feature from aerogel (B). (C) A C-H
feature obtained through the diffuse ISM (13).

Fig. 2. The C-H stretch features
of particle C2054,0,35,16,0 af-
ter continuum subtraction. The
aromatic C-H feature is labeled
C-H ar; the aliphatic C-H feature
is labeled C-H aliph.
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inclusions in an amorphous silicate matrix, and

have IR spectral properties in some cases similar to

those of ISM amorphous silicates. One expectation

based on the IDP results is that GEMS-like

amorphous silicates might be similarly abundant

in Wild 2. Indeed, despite complications due to

overlap with the aerogel Si-O feature, the majority

ofWild 2 particles analyzed to date (40 of 49) with

IR spectroscopy are dominated by amorphous

silicates whose maximum absorption feature oc-

curs between 1050 and 850 cm−1 (Fig. 3). Electron

microscopy (EM) observations show that the

amorphous silicates in the Wild 2 particles contain

abundant nanophase FeNi metal grains and FeNi

sulfides dispersed in an amorphous Mg-silicate

matrix (Fig. 4) that is in general similar to GEMS

grains but differs in detail (26). The IR spectrum

from the GEMS-like grains mapped in Fig. 4 is

similar to that observed for GEMS in IDPs (30)

and the silicate feature observed in the diffuse

ISM (28). The x-ray maps in Fig. 4 show com-

positional heterogeneity at the ~0.1-mm scale

similar to that in IDP GEMS grains that were not

erased by the thermal pulse experienced during

capture. However, TEM observations of many of

these particles also show evidence for vesicula-

tion of the amorphous silicate matrix and partial

loss of sulfur that may indicate thermal alteration

during capture or interaction with aerogel (26).

Without coordinated transmission electron mi-

croscopy (TEM) and perhaps ion microprobe

measurements, it is not possible to distinguish

primary Wild 2 amorphous silicates from sec-

ondary glasses that may have been produced dur-

ing capture from their FTIR spectra.

Extracted terminal particles and some of the

grains extracted from the base of the impact

“bulbs” show sharp features in mid- and far-IR

spectra consistent with crystalline silicates. The

silicates identified to date by IR include enstatite,

olivine, and diopside with pyroxene predominating

(6 of 8 grains). Similar trends are observed in

anhydrous IDPs where pyroxene is more abundant

than olivine (31). Far-IR measurements were

obtained from terminal particles in aerogel key-

stones. Despite the thickness of aerogel, IR bands

for enstatite, olivine, and diopside were observed.

The one olivine-rich terminal particle lacked the

strong 33-mm feature commonly observed in

Mg-rich olivines (>Fo 90) such as those observed

in comet Hale-Bopp (32) and young stellar objects

and is consistent with a more Fe-rich olivine com-

position (~Fo 75). The IR spectral properties of

Wild 2 particles show marked similarities to

astronomical IR spectra from young stellar objects

and comets but are distinct from the spectra of

primitive meteorites, which are dominated by

crystalline silicates, mainly olivine, or phyllosili-

cates in the CI and CM chondrites.

No definitive FTIR evidence for hydrated

silicates or carbonates at the percent level has been

observed to date in anyof the extracted particles.We

specifically searched for 3- and 6-mm structural

OH bands and the distinctive carbonate band at 6.

8 mm in the Wild 2 spectra. The possibility exists

that thermal effects from capture may have

destroyed fine-grained phyllosilicates and carbon-

ates. However, this possibility is not supported by

mineralogical analysis of the particles, because the

thermal breakdown products of phyllosilicates and

carbonates are readily recognized by TEM and

have not been observed to date (26).

The presence of crystalline silicates in the Wild

2 samples indicates that this comet is not simply an

assemblage of preserved ISM silicates, but rather is

a mixture of presolar and solar system materials.

Fig. 3. The Si-O stretching feature in aerogel (A)
compared to the range of amorphous silicate fea-
tures observed in Wild-2 grains extracted from
aerogel (B toD). The vertical dashed linemarks the
maximum absorption from aerogel.

Fig. 4. Elemental x-ray (k-line)
maps of a GEMS-like object
from a thin section of grain
C044, track 7, showing pre-
served chemical heterogeneity
at the 0.1-mm scale typical of
GEMS grains in IDPs (33). The
Fe, Ni, and S maps show the
locations of the nanophase FeNi
metal and sulfide inclusions
within the amorphous silicate
matrix. The gray image is a
bright-field TEM image of the
GEMS-like object. The color
scale in the element maps is
x-ray counts.
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We measured the elemental compositions of material from 23 particles in aerogel and from
residue in seven craters in aluminum foil that was collected during passage of the Stardust spacecraft
through the coma of comet 81P/Wild 2. These particles are chemically heterogeneous
at the largest size scale analyzed (~180 ng). The mean elemental composition of this Wild 2 material is
consistent with the CI meteorite composition, which is thought to represent the bulk composition of the
solar system, for the elements Mg, Si, Mn, Fe, and Ni to 35%, and for Ca and Ti to 60%. The elements
Cu, Zn, and Ga appear enriched in this Wild 2 material, which suggests that the CI meteorites may not
represent the solar system composition for these moderately volatile minor elements.

N
ASA’s Stardust spacecraft collected dust

particles from comet 81P/Wild 2, at an

encounter speed of ~6.1 km/s, in silica

aerogel capture cells and in impact craters (1).

Analytical results from the aerogel and foils were

combined to provide a more comprehensive ele-

mental analysis of the Wild 2 particles.

The impacts in aerogel produced elongated

cavities called tracks. Wedges of aerogel, called

keystones (2), containing an entire track were ex-

tracted. The volume containing each track was

analyzed by means of synchrotron-based x-ray mi-

croprobes (SXRMs), providing abundances for ele-

ments having an atomic number Z ≥ 16 (S). One

trackwas subsequently split open, exposing thewall

for time-of-flight–secondary ion mass spectrometry

(TOF-SIMS) analysis, detecting lower-Z elements,

particularly Mg and Al. Because Si and O are the

major elements in silica aerogel, neither element

could be determined in the comet material in tracks.

The residues in craters were analyzed by scanning

electron microscopy using energy-dispersive x-ray

(SEM-EDX) analyses and TOF-SIMS, providing

other element abundances, including Mg and Si.

The SXRMs produce intense, focused beams of

x-rays that completely penetrate a keystone, exciting

fluorescence (3). Elemental analysis was performed

on keystones containing 23 tracks, which were

selected to sample the diversity on the collector, by

seven research groups with the use of six different

SXRMs (4). These tracks range in length from~250

mm to almost 10,000 mm and vary in shape from

conical to bulbous. The Fe content of the tracks

varies from ~180 fg to 6.4 ng (table S3), com-

parable to the Fe in chondritic particles ranging

from ~1 to ~30 mm in size. All 23 tracks were

approximately normal to the aerogel surface, which

was the arrival direction for particles collected from

Wild 2 (1), whereas interplanetary particles, also

collected, arrived over a wide range of orientations.

Comets are thought to preserve dust from the early

solar system, sowe compared theWild 2 dust to the

elemental composition of the CI meteorites (CI) (5)

because CI is thought to represent the nonvolatile

composition of the solar system (6).

Amap of the K-alpha fluorescence intensity for

Fe from a conical track, track 19, shows that the

incident particle deposited Fe along much of the

entry path (Fig. 1), with only 3% of the total Fe

contained in the terminal particle. The fraction of

the total Fe detected in the terminal particle varies

from track to track, ranging from almost 60% in

one terminal particle to zero in two tracks having no

detectable terminal particle. In most of the 23

tracks, most of the incident Fe mass is unevenly

distributed along the track, indicating that the
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particles are relatively weak. Their behavior during

aerogel capture is most like that observed when

grains from mechanically weak meteorites, such as

Orgueil, are shot at high velocities into aerogel.

The spatial distributions of other elements in

each track vary widely (4). Nickel is deposited

along the entire length of track 19 (Fig. 1). The

Ni/Fe ratio summed over the whole track is 0.041,

which is within 50% of the CI ratio (0.058) (5).

However, Ni/Fe is much lower (0.0062) in the

terminal particle, demonstrating elemental hetero-

geneity. Zinc is concentrated along one edge of the

track, with almost none detectable in the terminal

particle, but ~80% of the total Cr is in the terminal

particle.

The terminal particle and the 19 most intense

element hot spots along track 19 were analyzed

individually, with the use ofmuch longer acquisition

times than at each pixel in the maps. Most element/

Fe ratios vary bymore than twoorders ofmagnitude

from spot to spot along this track (Fig. 1). A “whole-

track” composition for track 19 (Fig. 1) was

determined by adding the element abundances from

these 20 analyses. The S/Fe, Cr/Fe, Mn/Fe, and

Ni/Fe ratios are similar to the CI values, but the

moderately volatile elements Cu, Zn, Ga, and Se are

higher than CI, and Ca and Ge are lower.

Thewhole-track composition for track 19 differs

significantly from the composition of the terminal

particle (Fig. 1), with the moderately volatile ele-

ments being much lower in the terminal particle.

Many terminal particles have elemental composi-

tions that are consistent with their being dominated

by a single mineral, generally olivine, pyroxene, or

sulfide, a result confirmed by mineralogical exam-

ination of some extracted particles (7). Thus, ter-

minal particle analysis provides limited information

on the bulk elemental composition of Wild 2.

No single mineral found in terrestrial or ex-

traterrestrial material has a CI composition. So, a CI

composition indicates that the particle is amixture of

compositionally diverse grains. The high variability

of the 20 spot analyses along track 19 (Fig. 1) further

indicates the particle was an aggregate of diverse

grains. However, not all tracks demonstrate near-CI

abundances (Fig. 2).

We determined the mean composition of the

comet material by summing the measured abun-

dance of each element over all 23 tracks (Table

1 and Fig. 3). The aerogel contains trace quantities

of virtually all stable elements (1), and several

elements are found in hot spots (fig. S1), com-

plicating background subtraction (4).

The widespread distribution of compositionally

diverse comet material and contamination along

most tracks required the development of analytical

strategies that provided themost comprehensive set

of element analyses. Tracks were analyzed in dif-

ferent laboratories bymeans of two complementary

methods. For some keystones, an entire fluores-

cence spectrum was collected, with the use of a

long integration time, at each point in a raster scan

over the whole track. Other keystones were ana-

lyzed by identifying “hot spots” in a quick scan and

then dwelling for much longer times on these hot

spots. The first technique provides more reliable

data for elements in high abundance, whereas the

second is more sensitive for trace elements. The

mean, blank-corrected compositions obtained

through the two techniques are very similar (fig.

S6), indicating that any systematic differences

between the two techniques are smaller than the

statistical errors in each data set (4).

Iron was detected in all 23 tracks; Ni in 22; S in

21; Ca, Cr, Mn, and Cu in 20; Zn in 17; Ga in 14;

and Ti and Se in 9 (table S3).When an element was

not detected, its concentration was recorded as zero

in calculating the central value and lower limit on

the mean. This technique underestimates the central

value of the mean for low-abundance elements. It

also underestimates the lower limit, leading to an

overly conservative confidence interval (4). The
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Fig. 1. X-ray fluores-
cence analysis results
obtained on track 19,
an 860-mm-long track.
Maps of the Fe, Ni, Zn,
and Cr fluorescence in-
tensities were obtained
with a step size of 3 mm
per pixel and a dwell time
of 0.5 s per pixel. The
CI- and Fe-normalized
element abundances
for the terminal particle
(TP) and the 19 most-
intense element hot spots
(letters B, C to N, P to U),
whose positions are indi-
cated on the Fe map, are
plotted along with the
whole-track average com-
position, determined by
adding the element
abundances from 19
spot analyses along the
track and the analysis of
the terminal particle. The
horizontal line at 1 is the
CI meteorite composition,
which is thought to repre-
sent the mean solar sys-
tem composition. Arrows
indicate that all Ge analy-
ses for these particles
were upper limits.
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CI-normalized whole-track element/Fe ratios

(Fig. 2) exhibit variations of more than two orders

of magnitude from track to track. Thus, a reliable

mean composition can only be determined by

averaging many tracks.

There are four major sources of error in the

mean composition of the particles that produced the

tracks: (i) the precision and accuracy of the analyses,

(ii) absorption corrections in the capture medium

and the particles themselves, (iii) the extent towhich

the material analyzed is representative of all the

material in the initial particle, and (iv) uncertainty

resulting from averaging only a small number of

samples having extremely diverse compositions.

The SXRM abundances are accurate to ±20%

for the elements having Z ≥ 24 (Cr), and absorption

corrections are small for elements having Z ≥ 20

(Ca) (4). In no case can we be certain that we ana-

lyzed all the material from any incident particle. The

extent to which vaporized material can be lost

through the entry hole of a track has yet to be inves-

tigated. Vaporizedmaterial may also penetratemany

track diameters through the aerogel, as observed for

someorganicmatter inWild 2 tracks (8). In addition,

the spot analysis used for nine of the tracks only

analyzed material in these hot spots. Nonetheless,

the largest uncertainty in the mean composition is

likely to result from the high degree of composi-

tional heterogeneity among the particles (4). This

uncertainty was estimated by means of a Monte

Carlo method that assumes the particle sizes and

compositions of the 23 measured tracks are

characteristic of the entire dust population hitting

the collector and determines 1 SD (1s) and 2s

confidence limits from the distributions of elements

in ensembles randomly picked from the observed

data set (4).

Summing all 23 tracks, the Fe-normalized mean

element abundances (Table 1) forCa, Ti, Cr,Mn,Ni,

Ge, and Se are consistent with CI values at the 2s

confidence level (Fig. 3). Because Ge and Se were

detected in only a few particles, their central values

and lower limitsmaybeunderestimated (4). Sulfur is

depleted, andCu, Zn, andGa are enriched (Table 1).

One keystone, track 21, was dissected laterally

to expose the track wall, and two slices were

analyzed by TOF-SIMS (table S1). These analyses

indicate that Mg/Fe, Al/Fe, Cr/Fe, and Mn/Fe are

within 50% of CI (4).

Analysis of impact residue, which is abundant

in all large craters in theAl foils examined, provides

element-to-Si ratios. These Al foils contain indig-

enous Fe inclusions, occasional Si-rich inclusions,

and a wide range of trace elements, but unam-

biguous impact residuewas easily located in craters

by both SEM-EDX and TOF-SIMS.

To assess element loss during crater production,

we fired a variety of projectiles into Al1100 foil, the

type flown on Stardust, with impact velocities of ~6

km/sec. In craters >50 mm in diameter, the loss of S,

Na, Mg, Si, and Fe was small (9) (fig. S9), so anal-

ysis of residue in large craters is expected to provide

a good sample of the composition of Wild 2 dust.

Seven craters, each having a diameter >50 mm,were

characterized by means of SEM-EDX (table S2).

The mass of each impacting particle, estimated

through the crater-size calibration of Kearsley et al.

(10) scaled by particle density appropriate for the

mineralogy inferred from its chemical composition

(4), ranges from 3 to 178 ng, with six having

impactor masses of 17 ng or less (table S2). Only

Mg, Si, and Fe were detected in all seven craters, Cr

in four, Na in three, and P, K, Mn, and Ni in only

two. Confidence limits on the mean abundances

weremodeledwith the use of the sameMonte Carlo

technique used for the track data.

The CI- and Si-normalized mean composition

for elements detected in four or more craters (Table

2) is within 50% of CI for Mg, Ca, and Fe.

Depletions in S, Ca, Cr, and Fe, relative to that of

Si, are significant at the 2s confidence level (Fig.

4). The S depletion is consistent with the results

Fig. 2. CI- and Fe-
normalized abundance
for each element in each
of the 23 whole tracks
(circles) and in each of
the seven crater residues
(squares). The area of
each data point is pro-
portional to the cross
section of an equant par-
ticle of equivalent mass.
Because much larger
masses were analyzed in
the craters, there is a
difference in the scale
size of the two symbols
by three orders of mag-
nitude. There is a high
degree of variability from
track to track, with most
elements varying by two
orders of magnitude or
more.

Table 1. Comparison of the mean composition of
the material in the 23 tracks with the CI meteorite
composition, with a CI- and Fe-normalized value
of 1 indicating exact agreement between the total
amount of that element detected in all the tracks
and that expected if the particles had a CI
composition. 1s confidence limits are given.

Element

CI- and Fe-

normalized

abundance

1s confidence

limit

(upper, lower)

S 0.17 +0.12, –0.06

Ca 1.25 +0.47, –0.43

Ti 0.42 +1.74, –0.23

Cr 1.30 +0.24, –0.31

Mn 1.32 +0.32, –0.37

Ni 0.82 +0.37, –0.24

Cu 2.06 +1.14, –0.69

Zn 4.60 +6.30, –3.10

Ga 10.00 +8.90, –7.50

Ge 0.43 +1.46, –0.22

Se 0.76 +1.51, –0.42

Fig. 3. CI- and Fe-normalized mean
composition determined by summing the
23 whole-track analyses (squares) and by
summing the same data set except for the
particle having the highest Fe content
(circles). One track contributed ~30% of
the total Fe, but its inclusion does not
distort the mean composition, because
the mean excluding this track does not
differ significantly from the 23-track
mean. The vertical bars show the 2s
variation in the mean of a Monte Carlo
simulation designed to assess the effect of
this elemental diversity on the mean
composition (4).
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from the tracks. Higher Ca and Cr were found in

the tracks (Fig. 3), but the 2s confidence limits

overlap for both elements in the track and crater

analyses. Elements with less than four measure-

ments were not reported in Table 2 because

confidence limits were difficult to determine with

so few detections, but the mean values obtained

were Mn = 1.2 × CI, K = 0.7 × CI, Na = 1.6 × CI,

and Ni = 0.2 × CI.

The residues in five of these craters were

analyzedbyTOF-SIMS (table S4).Calibration shots

of mineral standards into Al foil demonstrate good

agreement for most elements between TOF-SIMS

analyses of impact residue and SEM-EDX analyses

of unshot projectile material, but Na and K are

sometimes higher in the TOF-SIMS analyses (fig.

S11). The Si-normalized mean abundances (Fig. 4)

are consistent with CI for Mg, Ca, and Ni, but there

are small depletions for Cr and Fe, which are con-

sistent with the SEM-EDX results. Lithium,Na, and

K are enriched. Most of the Na and K detected by

TOF-SIMS was found in a single crater (table S4),

but SEM-EDX analysis of Na and K in residue in

the same crater gives results that are an order of

magnitude lower (table S2). This difference may

result from SEM-EDX measuring micrometers into

the residue, predominately at the crater bottom,

whereas TOF-SIMS only measures material sput-

tered from the surface, mainly from the crater lip (4).

The TOF-SIMS analyses in two different ori-

entations show significantly different Na and K

abundances (table S4),which suggests a very hetero-

geneous distribution, making it difficult to determine

a mean abundance.

An SEM survey of the Al foils identified many

smaller impact craters, generally <2 mm in diameter,

corresponding to projectiles from~20 to~400 nm in

diameter (10). SEM-EDX analysis of residue in

several hundred small craters identified composi-

tional groups that are consistent with impacting par-

ticles composedof silicates, sulfides, andmixtures of

silicate and sulfide (11). However, the mass-

frequency distribution of impacting particles (11)

indicates that most of themass collected atWild 2 is

in larger projectiles, so the total mass of material in

the small craters is inadequate to substantially alter

the mean element abundances measured on tracks

and larger craters.

Sulfur is depleted in both the tracks and craters.

The statistical significance of this depletion is high.

Sulfur is highly variable in chondritic meteorites. Of

the major elements, S shows the most extreme

variation, being lower by a factor of five in ordinary

chondrites than in CI meteorites. However, for the

tracks, low-energy S fluorescence x-rays are

attenuated by a few micrometers of a high-density

mineral (e.g., Fe-sulfide) or compacted aerogel.

Because most keystones are ~300 mm thick, a first-

order correction, which assumed that all the S is

shielded by ~150 mm of 20 mg/cm3 of aerogel (1),

would increase the abundance of S by nomore than

a factor of two, which does not provide consistency

with CI at the 2s level. However, some S is finely

distributed in compacted or melted aerogel (7),

possibly large enough to attenuate S fluorescence,

and micrometer-size sulfide grains attenuate the S

fluorescence, so the full effect of attenuation cannot

be assessed without a detailed knowledge of the

shape or size of aerogel and sulfide grains along

each track. Selenium abundance is well correlated

with S in meteoritic minerals. Although we detected

Se in only 9 tracks, themean Se abundance is nearly

CI. If S and Se are correlated in theWild 2 particles

and have similar behavior during capture, then S in

the whole-track data may be underestimated.

The size at which the composition of an ag-

gregate converges to the average composition is an

indication of the grain size of the material. Fine-

grained, chondritic interplanetarydust particles (IDPs)

of ~10 mm size (12), aggregates typically containing

>104 grains, generally show only a factor-of-two

variation in major elements and less than a factor-of-

five variation in minor elements (13). Primitive

chondritic meteorites, which contain much larger

grains, show much greater variation in composition

in samples up to millimeters in size. Because the

largest track and the largest crater each have a

composition significantly different from the mean

(Fig. 2), Wild 2 dust is heterogeneous at the largest

size scale of particle that we analyzed, showing

greater compositional diversity than ~10 mm IDPs.

Before the Stardust mission, the only direct

measurement of the elemental composition of comet

dust came from impact-ionization mass spectrom-

eters on the Giotto and VEGA spacecraft (14) that

analyzed dust from comet 1P/Halley in 1986. The

impact-ionization yields are uncertain, but the mean

abundances of major refractory elements in Halley

dust are reported to be within a factor of two of CI

(15), although Fe, Cr, Mn, and Ni were depleted

relative to Mg. These Halley results were based on

the analysis of <1 ng of comet material.

The Wild 2 particles in the 23 keystones contain

~21 ng of Fe. Assuming the CI Fe content, the total

mass of Wild 2 material in these tracks is ~115 ng.

The crater residue resulted from the impact of ~215

ng of material (table S2). Taken together, we ana-

lyzed material from >300 ng of Wild 2 dust, several

orders ofmagnitudemorematerial thanwas analyzed

at comet Halley. Even so, only 10% of the Stardust

aerogel cells andacomparable fractionof theStardust

Al foils havebeenexamined thus far.Comprehensive

elemental analysis of the remaining material should

provide a better mean S content and decrease the

uncertainty in other element abundances.

The composition data on Wild 2 particles are

generally consistent with but greatly extend the

measurements at comet Halley because of the larger

sample mass that we analyzed, coupled with the

ability to analyze this material with the use of high-

sensitivity instruments in state-of-the-art laboratories

on Earth. TheWild 2 material appears depleted in S

and Fe relative to Si and enriched in the moderately

volatileminor elementsCu,Zn, andGa as compared

to CI. Both of these effects were previously reported

in the fine-grained, anhydrous IDPs (16, 17), some

ofwhich have inferred atmospheric entry speeds that

suggest a cometary origin (18). The CI meteorite

element abundances are presumed to represent the

solar nebula composition for nonvolatile elements

because of the good agreement between CI

abundances and the composition of the solar

photosphere (6). However, the abundances of

Cu, Zn, and Ga are not well determined in the

solar photosphere (6), which suggests that the

Wild 2 particles and the anhydrous IDPs may

better reflect the composition of the solar nebula

for these moderately volatile elements.

Table 2. Comparison of the mean composition
of the material in the seven crater residues with
the CI meteorite composition, with a CI- and Fe-
normalized value of 1 indicating exact agree-
ment. 1s confidence limits are given.

Element

CI- and Si-

normalized

abundance

1s confidence

limit

(upper, lower)

Mg 1.13 +0.22, –0.05

S 0.13 +0.40, –0.06

Ca 0.51 +0.12, –0.05

Cr 0.31 +0.31, –0.04

Fe 0.75 +0.05, –0.40

Fig. 4. CI- and Si-normalized average
composition determined by summing the
seven crater residue analyses (squares at
Mg, S, Ca, Cr, and Fe) and by summing the
same data set except for the largest crater
(circles). The largest crater was produced
by a particle having 82% of the total mass
contributed by all seven particles, but the
trend in the data is the same in both data
sets, indicating that the mean composition
is not significantly perturbed by the largest
particle. TOF-SIMS results for five craters
are also shown (large triangles at Li, Na,
Mg, K, Ca, Sc, Cr, Fe, and Ni give the five-
crater mean whereas the smaller triangles
give the mean excluding the largest
crater). The vertical bars show the 2s
statistical uncertainty (4).
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The bulk of the comet 81P/Wild 2 (hereafter Wild 2) samples returned to Earth by the Stardust
spacecraft appear to be weakly constructed mixtures of nanometer-scale grains, with occasional
much larger (over 1 micrometer) ferromagnesian silicates, Fe-Ni sulfides, Fe-Ni metal, and
accessory phases. The very wide range of olivine and low-Ca pyroxene compositions in comet Wild
2 requires a wide range of formation conditions, probably reflecting very different formation
locations in the protoplanetary disk. The restricted compositional ranges of Fe-Ni sulfides, the wide
range for silicates, and the absence of hydrous phases indicate that comet Wild 2 experienced little
or no aqueous alteration. Less abundant Wild 2 materials include a refractory particle, whose
presence appears to require radial transport in the early protoplanetary disk.

T
he nature of cometary solids is of fun-

damental importance to our understanding

of the early solar nebula and protoplanetary

history. Until now, we have had to study comets

from afar using spectroscopy or settle for analyses

of interplanetary dust particles (IDPs) of uncertain

provenance. We report here mineralogical and

petrographic analyses of particles derived directly

from comet 81P/Wild 2.

All of the Wild 2 particles we have thus far

examinedhavebeenmodified invariouswaysby the

capture process, inwhich cometaryparticles punched

into the silica aerogel capture media, making various

types of tracks and disaggregating into grains

distributed along the tracks. All particles that may

have been loose aggregates (“traveling sand piles”)

disaggregated into individual components, with the

larger, denser components penetrating more deeply

into the aerogel, making thin tracks with terminal

grains (fig. S1). Individual grains experiencedheating

effects that produced results ranging from excellent

grain preservation to melting (Fig. 1); such behavior

was expected (1–3). What is remarkable is the

extreme variability of these modifications and the

fact that unmodified and severely modified materials

can be found within 1 mm of each other, requiring

tremendous local temperature gradients. Fortunately,

we have an internal gauge of impact collection

heating. Fe-Ni sulfides are ubiquitous in the Wild 2

samples and are very sensitive indicators of heating,

and accurate chemical analyses can reveal which

have lost S and which have not (and are therefore

stoichiometric) (Fig. 2). Our surveys show that

crystalline grains are found along the entire lengths

of tracks, not just at track termini (fig. S1).

There appears to be very limited contamination

from the spacecraft in the aerogel. Potential

problemswith secondary impacts (cometary grains

striking the spacecraft, ricocheting, and splashing

onto the aerogel) failed to materialize (4).

We have harvested samples from 52 tracks and

have obtained a substantial understanding of the

mineralogy of 26 of these. These tracks were

chosen at random from those of average length.

Analyses have also been performed on impact

residues in seven aluminum foil craters >50 mm in

diameter andon over 200 craters <5mmindiameter

(5). Crystalline materials are abundant in comet

Wild 2 and many are coarse-grained relative to the

submicrometer scales characteristic of many anhy-

drous IDPs and interstellar dust populations (6). Of

the best-studied 26 tracks, 8 are dominated by

olivine [(Mg,Fe)2SiO4] grains (tracks 1, 22, 26,

43, 57, 68, 71, and 77); 7 by low-Ca pyroxene

[(Mg,Fe)SiO3] (tracks 17, 20, 24, 27, 32, 41, and

69); 3 by a fairly equal amount of olivine and

pyroxene (tracks 5, 10, and 35); and the remaining

8 by other minerals, mainly Fe-Ni sulfides. One of

the latter tracks contains predominantly refractory

minerals, one containsNa-silicateminerals, and five

(tracks 36, 38, 42, 52, and 59) are dominated by ~5-

mm-sized sulfide grains. These results suggest that

crystalline materials are abundant in Wild 2.

In the seven large craters in aluminum foil that

we examined, one contains only remnants of

stoichiometric olivine, three are dominated by Mg-
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silicates and sulfide, and two contain a mixture of

mafic silicates and Na- and Ca-rich silicates. The

last complex impact feature has overlapped bowl-

shaped depressions containing residues with a

heterogeneous collection of stoichiometric com-

positions, suggesting impact by an aggregate of

micrometer-scale grains of Ca-rich clinopyroxene,

Mg-rich pyroxene (probably enstatite), and a mix-

ture of Fe-Ni sulfides, as well as grains composed

of finely mixed silicate and sulfide. Just over half

of the residue-bearing very small craters we exam-

ined containmixtures of silicate and sulfur-bearing

residue, whereas the others are mainly monomin-

eralic olivine, pyroxene, and Fe-Ni sulfides, with

occasional preservation of crystalline material.

Olivine, one of the most abundant minerals in

the solar system (7–9), is present in the majority of

Wild 2 particles. Its observed grain sizes range from

submicrometer to over 10 mm.Wild 2 olivine has an

extremely wide compositional range, from Fo4 to

Fo100 [“Fo” being the 100 × molar Mg/(Mg+Fe) ra-

tio for olivine, just as “En” is the same ratio for low-

Ca pyroxenes] (Fig. 3),with a pronounced frequency

peak at Fo99. Although it is possible that collection

effects have biased surviving olivines to the most

refractory, Mg-rich compositions, the abundance of

Fe-rich olivine among the Wild 2 samples suggests

that this effect has been minor. One olivine crystal in

track 22 was found to display dramatic reverse

chemical zoning, from the Fo70 core to the Fo92 rim.

It is clear that these grains were not equilibrated

during capture, because we would then observe a

greatly reduced compositional range and a peak at a

high Fe (low Fo value) concentration (1, 2, 10, 11).

Wild 2 olivines include varieties with very ele-

vatedMnO,Al2O3, and Cr2O3 contents, up to 6.45,

0.71, and 1.46 weight %, respectively. About 25%

of these Mn- and Cr-rich olivines contain <<1%

FeO. Olivines with enrichments in these elements

have been reported in carbonaceous chondrites,

micrometeorites, and chondritic IDPs, though they

are very rare (12–16). The compositions of theMn-

and Cr-rich olivines in the Wild 2 samples are

similar to those in IDPs, carbonaceous chondrites,

and unequilibrated ordinary chondrites (fig. S2).

Many Wild 2 olivines contain inclusions of other

phases, notably Fe-Cr-Ti oxides (including chro-

mite), but thus far, melt inclusions have not been

observed within any silicates. Olivine with low Fe

and elevated Mn has been proposed to form from

condensation in the protosolar nebula (12).

Wild 2 olivine-dominated grains are commonly

polycrystalline, with some interstitial glass, which

could be indigenous cometary glass. One fragment

from the wall of the 1-cm-long track 35 was

investigated by microtomography (17) and found

to have amicroporphyritic texture with olivine crys-

tals (~Fo80) set within lower-density fine-grained

material, probably glass. From the manner in which

the enclosing aerogel wraps around this particular

grain without intruding into it, the glass appears to

be indigenous. This fragment has an obvious

igneous origin and resembles a microporphyritic

chondrule. A terminal grain from track 26 consists

of an intergrowth of fayalite (Fo4) and tridymite,

another texture observed in some chondrules.

Both low- and high-Ca pyroxenes are present

among the Wild 2 grains, with the former being

dominant. In some cases, synchrotron x-ray diffrac-

tion (SXRD) or selected-area electron diffraction

Fig. 1. Bright-field TEM
images of Wild 2 grains.
(A) View of the compressed
and vesicular melted aero-
gel surrounding grains
and lining track walls.
Dark gray and black ob-
jects are admixed silicates,
Fe-Ni metal, and Fe-Ni
sulfides. (B) Captured Wild
2 grain composed pre-
dominantly of forsterite
and Fe-sulfides, mantled
by compressed-to-melted
aerogel. (C) Glassy body
from Wild 2 track 10, re-
sembling a GEM; rounded
dark inclusions are pre-
dominantly Fe-Ni metal,
Fe-Ni sulfides, and ferro-
magnesian silicates. (D)
GEM from an anhydrous
chondritic IDP; rounded
dark inclusions are pre-
dominantly Fe-Ni metal, Fe-Ni sulfides, and ferromagnesian silicates.
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(SAED) patterns reveal low-Ca pyroxenes to be

orthoenstatite, requiring slow cooling (18), but in the

majority of cases we have only energy-dispersive

x-ray analyses and are not certain whether we

have ortho- or clinopyroxene. The compositional

range displayed by the low-Ca pyroxene is also very

extensive, from En52 to En100, with a significant

frequency peak centered at En95 (Fig. 3). Low-Ca

pyroxene usually coexists with olivine, but the

Mg/Fe ratios for coexisting phases are not always

similar.Track17contains olivine in the rangeFo55–69,

whereas associated low-Ca pyroxene is En52–96.

Flash heating during sample collection may ac-

count for this disparity, because olivine equilibrates

faster than orthopyroxene under identical circum-

stances (19). Diopside occurs in several grains,

usually in association with low-Ca pyroxene. A

Ti-, Al-rich diopside is abundantwithin the calcium-,

aluminum-rich inclusion (CAI)–like particle.

Sulfides are the only mineral group found in all

extraterrestrial materials. Fe-Ni sulfides are also

ubiquitous in theWild 2 grains, grading from sulfides

apparentlymelted andmixedwithFe-Nimetal, all the

way to apparently unmodified FeS and pentlandite

[(Fe,Ni)9S8] grains (fig. S3). Several tracks (such as

track 59) have FeS- or pentlandite-dominated ter-

minal grains. In this paper, we collectively refer to

troilite (stoichiometric FeS) and pyrrhotite (Fe1–xS) as

FeS because the exact stoichiometry and structure are

unknown in most instances. A plot of analyses of

Wild 2 Fe-Ni sulfides (Fig. 2) shows that many have

compositions close to that of FeS, with less than 2

atom % Ni. Only two pentlandite grains have been

found.The complete lackof compositions in between

these (intermediate solid solution compositions)

suggests (but does not require) that FeS and pent-

landite condensed as crystalline species [that is, did

not condense as amorphous phases, which later

became annealed (20)]. The remaining Fe-Ni sulfides

(approximately half) have compositions that reflect

progressive loss of S, because they trend from FeS

directly toward the Fe apex. SAED patterns of these

S-depleted phases show the presence of two different

lattices: strong maxima for a Fe-Ni sulfide phase and

amuch finer pattern consistentwith ametal phase, but

which could be an oxide. Loss of S from Fe-Ni

sulfides is almost certainly a result of capture heating

and could be used to gauge the degree of capture

modification of the enclosingWild 2 grains. The two

verified pentlandite crystals in only twoWild 2 tracks

are intriguing because this phase is frequently an

indicator of low-temperature metamorphism under

oxidizingconditions and/or of aqueous alteration (21).

ACu-Fe sulfide, probably cubanite (CuFe2S3), is

present within terminal grains in at least two tracks

(tracks 22 and 26). Cubanite is occasionally encount-

ered in extraterrestrial materials, most commonly in

carbonaceous chondrites. (Fe,Zn)Swas foundwithin

a terminal grain from track 22. If it can be established

that this phase is in equilibrium with FeS and metal,

it may be appropriate to apply the sphalerite cos-

mobarometer to this particular particle (22).

Fe-Ni metal is present as nanoscale beads in

significant quantities in most tracks, partly as a

product of capture heating of Fe-Ni sulfides, but the

high abundance of Ni in these shows that some of

this metal is intrinsic to the comet particles. In

addition, tracks 38 and 43 have ~5-mm-sized Fe-Ni

metal terminal grains (Ni/Fe~ 0.03),which appear to

be indigenous cometary phases.

Some Wild 2 grains contain alkali-rich mineral

assemblages, including phases in tracks 3 and 16

with compositions corresponding to K-feldspar

(SAED patterns suggest a feldspar-like structure,

but the exact phase is not known) and what appears

to be eifelite [KNa2(MgNa)Mg3Si12O30] (track 56).

Eifelite is in the osumilite mineral group, whose

members have been reported in iron meteorites, as

well as enstatite and ordinary chondrites (23), where

they formed from a combination of igneous and

metasomatic processes. In addition, alkali-rich silicate

material is present in some of the larger craters in

aluminum foil, but it has not beenwell characterized.

Transmission electron microscope (TEM) ob-

servations of some tracks revealed the presence of

carbonaceous phases. In the terminal grain from

tracks 10, 13, 27, 41, 57, and 58, there are

submicrometer-sized subgrains of poorly crystalline

carbon. Some of these are attached to Fe-Ni

sulfides, suggesting a genetic relationship.

No evidence of phyllosilicates or indigenous

carbonate has been seen in any Wild 2 samples.

Despite the fact that substantial heating and structural

modification accompanied the collection of many

grains in the aerogel, we would have seen char-

acteristic compositions, grain morphologies, and

lattice fringes of phyllosilicates or carbonates had they

Fig. 2. Composition ranges of Fe-Ni sulfides from six grains from five Wild 2 particle tracks. Grains
from track walls as well as track termini were analyzed. Most Wild 2 sulfides are probably a mixture of
troilite and pyrrhotite, and two grains of pentlandite are present. Many sulfides plot with non-
stoichiometric, low-S compositions reflecting capture heating. The corresponding composition ranges
for hydrous and anhydrous chondritic IDPs (21) are also shown. Anhydrous chondritic IDPs contain only
troilite and pyrrhotite, whereas the hydrous chondritic IDPs also have equally abundant Ni-rich sulfides,
including pentlandite. With the exception of the two identified pentlandite crystals, the Wild 2 grains
have the same Fe-Ni sulfide composition range as the anhydrous chondritic IDPs.

Fig. 3. Composition
ranges of low-Ca pyrox-
ene (En) and olivine (Fo)
in grains from nine Wild
2 particles (tracks). Grains
from track walls as well as
track termini were ana-
lyzed, but predominantly
the latter. The correspond-
ing composition ranges
for hydrous and anhy-
drous chondritic IDPs are
also shown (34). The
Wild 2 grains have the
same olivine and low-Ca
pyroxene composition
ranges as the anhydrous
chondritic IDPs, although
the presence of mixed
hydrous and anhydrous
materials is compatible
with these data.
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been present (2, 3, 24). Serpentine and Ca carbonates

of the same sizes as in IDPs have been successfully

captured in silica aerogel even at velocities 1 km/s

higher than those experienced at Wild 2, in both

laboratory simulations and actual IDP collection in

Earth orbit aboard the Mir space station. In instances

where phyllosilicates havebeendehydrated, rendered

amorphous, or recrystallized during capture in silica

aerogel, characteristic grain morphologies and basal

lattice spacings are formed, which signal the original

mineralogy (2, 24). Thus, the lack of these phases

among the ~50 Wild 2 grains we have so far well

characterized suggests that they could not have com-

posed more than a few percent of the more coarse-

grained fraction of captured Wild 2 samples.

Along most tracks are found abundant rounded,

glassy silicate bodies containing submicrometer-

sized beads of silicates, Fe-Ni sulfides, and Fe-Ni

metal (Fig. 1, C and D). In some respects these

bodies are similar to the bits of glass with embedded

metal and sulfides (GEMS) common to most

anhydrous chondritic IDPs (6), as well as one pecu-

liar clast in theunequilibrated carbonaceous chondrite

Ningqiang (25). It has been proposed thatGEMS are

among the most primitive of solar system materials,

possibly recording the radiation environment of the

early Sun or of a presolar environment (6).

The GEMS-like bodies in the tracks often stand

out texturally from the typical anddominating aerogel

capture medium in terms of composition, structure,

and morphology. A composition comparison with

true GEMS (Table 1) shows similarities but also

important differences. For example, compared to the

GEMS, the glassy bodies in the tracks have lowFe as

compared to Mg and S (Table 1). Additionally, there

exists a textural difference between GEMS and the

Stardust glassy bodies. In GEMS, the inclusions are

scattered about randomly and grade from nanometer-

to submicrometer-sized objects (6). The glassy bodies

in the aerogel tracks have coarser-grained inclusions

and a tendency for these to be arranged in nonrandom

patterns. Also, there are sometimes no distinct

boundaries between the GEMS-like objects and the

embedding aerogel. In addition, some of the metal

grains in the Stardust glassy bodies have S-rich rims,

which are not observed in GEMS. Because <5% of

GEMS have isotopic compositions very different

from terrestrial values (26), we have not been able to

determine which, if any, of the glass bodies in the

aerogel collectors are cometary “GEMS” and which

might be formed as a result of the melting and inter-

mingling of fine-grained cometary matter with aero-

gel during the capture process.

One Wild 2 sample (track 25) has received

special attention (Fig. 4) because it consists of very

refractory minerals, including anorthite; a Ca-, Al-,

Ti-rich clinopyroxene; gehlenite; spinel; corundum;

FeS; V-bearing osbornite [(Ti,V)N]; and a phase that

is probably perovskite. The osbornite occurs as sub–

100-nm-sized grains within spinel, and its identifi-

cation was carefully established by a combination of

electron energy-loss spectroscopy (EELS) and SAED

work; it may be associated with titanium oxide. The

largest terminal grain from track 25 is 16O-rich (27).

Track 25 yielded a terminal particle and at least

four major subparticles, which have been charac-

terized. These particles exhibit some similarities to

and differences from the CAIs found in carbona-

ceous chondrites; in particular, they have mineralo-

gies similar toCAIs inCV3 andCM2chondrites (5)

(CV3 and CM2 are among themost abundant types

of carbonaceous chondrites), an important finding

because the inclusions are known to be among the

most primitive solar system objects (based on their

mineralogy, reduced oxidation state, enrichments in

refractory trace elements, isotopes, etc.).

The minerals within the Wild 2 CAI-like par-

ticle, especially the osbornite, require rather high

temperatures for formation, possibly higher than

2000 K, depending on oxygen fugacity (28). Ac-

cording to equilibrium thermodynamic calculations,

osbornite + spinel + Ca-rich clinopyroxene is a sta-

ble condensate assemblage in systems that are other-

wise solar in composition only if their atomic C/O

ratio lies between ~0.79 and ~0.97, which is well

above the solar value of 0.5. The presence of a CAI-

like particle in cometWild 2 appears to require large-

scale radial transport in the protoplanetary disk

(29, 30). Although the anorthite in this particle is too

small for ameaningful search for evidence of 26Al, this

may prove possible in some refractoryWild 2 grains.

The recovered Wild 2 samples are mixtures of

crystalline and amorphous materials. Analytical

Table 1. Quantitative energy-dispersive x-ray spectral analyses (atomic %) of two GEMS-like
objects embedded in the aerogel of track 35 (GEMS 1 and 2) compared with actual GEMS in a
chondritic IDP and CI chondrite (CI) abundances.

Element

(atom %)

GEMS-like 1

(60 nm in diameter)

GEMS-like 2

(100 nm in diameter)

GEMs in IDPs

(6)

CI

(39, 40)

O 64.95 65.8 65.7 75.3 61.9 56.2 49.7

Mg 6.3 3.5 4.6 1.2 2.9 22.3 10.3

Si 26.4 28.4 26.0 19.1 16.9 13.3 11.5

S 1.75 1.65 2.7 1.2 6.1 3.2 5.7

Ca 0.1 0.1 0.15 Nd 0.15 nd 0.3

Cr trace trace trace 0.2 0.3 0.1 0.3

Mn 0.1 0.1 0.15 0.1 nd nd 0.2

Fe 0.3 0.2 0.5 2.2 11.1 4.2 20.0

Ni 0.1 0.1 0.2 0.4 nd 0.1 1.1

Al nd nd nd 0.5 0.8 0.6 0.9

Fig. 4. The CAI-like grain from track 25. (A) Backscattered electron (BSE) image of the CAI-like grain
from track 25, showing the gray shell of compressed-to-melted aerogel at lower left. (B) High-angle
annular dark-field TEM image of two osbornite grains (arrows) within spinel. (C) EELS spectrum of an
osbornite grain showing peaks for N, Ti, and V; scales represent intensity (In) and energy (in electron
volts). (D) EELS element maps of an orbornite grain: BSE, N, Ti, and V. Scale bar, 40 nm.
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electron microscopy (AEM) analysis of grains from

the upper, often bulb-shaped, portions of tracks

shows that they typically have widely varying

compositions, sometimes similar to chondrites for

most elements except Si, even in severely heated and

melted regions (Table 1) (31). The crystalline grains

observed among the upper portions of individual

tracks are almost always submicrometer in grain

size. These observations suggest that the materials

captured in the upper portions of the tracks are, in

general, much finer-grained than the material at the

end of the slender, so-called stylus tracks that almost

always project from the bulb-like upper tracks (fig.

S1).AEMof very small craters on the aluminum foil

also reveals crystalline olivine, pyroxene, and

sulfides derived from separate submicrometer com-

ponents within micrometer-sized particles. Synchro-

tron x-ray fluorescence (SXRF) analyses (31)

suggest that 65 to 90% of the collected grains’mass

is found in the upper portions of tracks, and only 10

to 35% is represented by the track termini grains.

Our emerging model of the structure of the captured

grains is that many were predominantly very fine-

grained (submicrometer-sized) loosely bound aggre-

gates with a bulk chondritic composition, most also

containing much larger individual crystals (most

commonly) of olivine, pyroxene, and Fe-Ni sulfides.

Out of the ~70 tracks we have carefully photo-

documented, only 2 appear to have no visible

terminal grains, which indicates that practically all

collected cometary particles contained some of these

larger grains, which therefore probably served to

nucleate the cometary particles. This view is

supported by some of the larger crater morphologies

observed on the Stardust Al foils, which have a

multilobe appearance rather than being simple

hemispherical craters (fig. S5) and can contain

diverse subgrain compositions. This physical struc-

ture is consistent with several chondritic materials,

most notably chondritic IDPs (13). In general, the

captured Wild 2 grains are much finer-grained than

the bulk of meteoritic matrix materials or IDPs.

Considering first the ferromagnesian mineral–

dominated Wild 2 grains, the olivine and pyroxene

crystals have the same range of Mg, Fe, Mn, and Cr

compositions as those in anhydrous chondritic IDPs

[with the exception of a single Fo4 terminal grain

(Fig. 3)] and are very similar to those in type 2 and

some type 3 carbonaceous chondrites. The lack of

hydrous phases among the Wild 2 samples pre-

cludes a commonoriginwith type 1or 2 chondrites.

The type 3 carbonaceous chondrites (including

primitive chondrites Acfer 094 and ALHA 77307)

(32, 33) and hydrous chondritic IDPs generally

have narrower or somewhat equilibrated olivine

and pyroxene compositional ranges (34). However,

with the exception of the two pentlandite grains

encountered in our examination, the Fe-Ni sulfide

compositions of the Wild 2 grains are similar only

to the anhydrous chondritic IDPs. Hydrous IDPs

and all chondrites contain large amounts of

pentlandite and low-Ni pentlandite (21). In addition,

the absence of any identified aqueous alteration

products in the Wild 2 grains (no phyllosilicates or

indigenous carbonates, etc.) eliminates the hydrous

chondritic materials from direct comparison.

No nuclear tracks (which are linear defects made

by penetrating solar flare particles from the Sun)

have yet been observed amongWild 2 samples. It is

possible that the majority of these, if ever present,

were annealed during capture, although some were

observed in crater residue on the Long Duration

Exposure Facility and in lunar silicate grains shot

into aerogel (35).

In summary, the bulk of the Wild 2 samples

appear to be weakly constructed mixtures of

nanometer-scale grains with occasional much larger

(>1 mm) ferromagnesian silicates, Fe-Ni sulfides, and

Fe-Ni metal. The restricted compositional ranges of

the sulfides and very wide range for silicates suggest

thatWild2 experienced little or noaqueous alteration.

Of known extraterrestrial materials, the anhydrous

chondritic IDPs and anhydrous micrometeorites are

most similar to the Wild 2 grains, and in fact a com-

etary origin for anhydrous IDPs has been suspected

for many years (36), whereas models of weakly

constructed comet grains have been popular for years

(37). The similarity ofWild 2 samples to some IDPs

demands reexamination of the latter with new eyes,

for there are some apparent differences. For example,

Fe-Cr-Ti oxides have not been reported as inclusions

in IDP olivines, nor has orthoenstatite been reported

(13). The very wide ranges of olivine and low-Ca

pyroxene compositions in Wild 2 require a wide

range of formation conditions, including diverse

temperatures and oxygen fugacities, probably reflect-

ing different locations in the protoplanetary disk. It is

critical to determine the role of annealing in cometary

grain formation, but this cannot be done with the

mineralogic data in hand.

The presence of a refractory particle resembling a

meteoritic CAI among theWild 2 grains raises many

new questions. IDPs are believed to contain samples

of both asteroids and comets, and wholly refractory

IDPs were identified two decades ago (31, 32) but

have received very little attention. In mineralogical

terms, the Wild 2 CAI-like particle appears similar to

these poorly understood IDPs and is similar (though

finer-grained) in various respects to CAI from CM,

CR, and CH-CB carbonaceous chondrites. The pres-

enceofCAI-likematerial in a comet appears to require

substantial radial transport of material across the early

protoplanetary disk, as does the rather wide range of

olivine and pyroxene compositions discussed above.

The lack of aqueous alteration products inWild 2

samples is in clear contrast to the mineralogy re-

ported for comet Tempel 1, based on Spitzer Space

Observatory data in support of the Deep Impact

mission (9). This mineralogical difference could be

due to differences in the geological histories of

Jupiter-family comets (38).
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ENSO as an Integrating

Concept in Earth Science

Michael J. McPhaden,
1
* Stephen E. Zebiak,

2
Michael H. Glantz
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The El Niño–Southern Oscillation (ENSO) cycle of alternating warm El Niño and cold La Niña
events is the dominant year-to-year climate signal on Earth. ENSO originates in the tropical Pacific
through interactions between the ocean and the atmosphere, but its environmental and
socioeconomic impacts are felt worldwide. Spurred on by the powerful 1997–1998 El Niño, efforts
to understand the causes and consequences of ENSO have greatly expanded in the past few years.
These efforts reveal the breadth of ENSO’s influence on the Earth system and the potential to
exploit its predictability for societal benefit. However, many intertwined issues regarding ENSO
dynamics, impacts, forecasting, and applications remain unresolved. Research to address these
issues will not only lead to progress across a broad range of scientific disciplines but also provide
an opportunity to educate the public and policy makers about the importance of climate variability
and change in the modern world.

T
he El Niño–Southern Oscillation (ENSO)

cycle, a fluctuation between unusually

warm (El Niño) and cold (La Niña) con-

ditions in the tropical Pacific, is the most

prominent year-to-year climate variation on

Earth. El Niño and La Niña typically recur

every 2 to 7 years and develop in association

with swings in the Southern Oscillation, an at-

mospheric pressure pattern spanning the tropical

Indian and Pacific Oceans that is intimately

related to the strength of the Pacific trade winds.

ENSO is unique among climate phenomena in

its strength, predictability, and global influence,

projecting beyond the tropical Pacific through

atmospheric teleconnections that affect patterns

of weather variability worldwide.

Major advances in ENSO research from

the early 1980s to the mid-1990s included de-

velopment of the ENSO observing system (1),

theoretical understanding of the mechanisms

responsible for the ENSO cycle and its global

teleconnections (2, 3), seasonal climate fore-

cast models (4), and an elucidation of ENSO’s

human dimensions (5). Then, the extraordi-

nary 1997–1998 El Niño focused worldwide

attention on the ENSO cycle, its global im-

pacts, and its socioeconomic consequences

(6). Spurred by the enormity of this event, by

some measures the strongest of the 20th cen-

tury (7), interest in ENSO exploded in both the

research community and the general public (8).

ENSO, with its cat’s cradle of interconnected

scientific and societal issues, has long been

fertile ground for interdisciplinary research.

Study of its causes and consequences takes on

even greater importance today in view of efforts

to develop informed policies for sustainable

development and responsible stewardship of the

environment. This article provides perspectives

on recent advances, current trends, and present

challenges in ENSO research and applications.

ENSO Physics

A key feature of ocean-atmosphere interac-

tions in the tropical Pacific is the positive

feedback between trade wind intensity and

zonal sea surface temperature (SST) contrasts

referred to as the Bjerknes feedback (9). The

trade winds normally pile up warm surface

water in the western Pacific while upwelling

colder water in the east from below the sur-

face along the equator and off the west coast

of South America. The resulting east-west sur-

face temperature contrast reinforces an east-

west air pressure difference across the basin

that in turn drives the trades.

During El Niño, the trade winds weaken

along the equator as atmospheric pressure rises

in the western Pacific and falls in the eastern

Pacific. Anomalous warming in the central and

eastern Pacific ensues as warm water in the

western Pacific migrates eastward and upwell-

ing is reduced (Fig. 1). The Bjerknes feedback

now runs in reverse, with weakened trade winds

and SSTwarming tendencies along the equator

reinforcing one another as El Niño develops.

Weakened trade winds at the onset of El Niño

generate basin-scale waves in sea level, upper

ocean currents, and temperatures that rapidly prop-

agate eastward and westward along the equa-

tor. These waves initially support the growth of

anomalously warm SSTs. However, after transit-

ing the basin and reflecting off the eastern and

western boundaries, they act in concert with

upwelling favorable waves generated by wind

forcing at the height of El Niño to eventually shut

off the warming (2). Equatorial wave-induced

cooling thus represents a delayed negative feed-

back that brings about the demise of El Niño

and, if strong enough, the initiation of La Niña.

The combination of Bjerknes and equatorial

wave feedbacks controls the magnitude and

duration of individual ENSO events and the in-

terval between them. The mean seasonal cycle

also acts as a pacemaker for ENSO, with the

largest SST anomalies typically occurring near

the end of the calendar year.

This basic conceptual framework for under-

standing ENSO does not imply that it is a purely

cyclic phenomenon. The fluctuation between

warm and cold events exhibits considerable irreg-

ularity in amplitude, duration, temporal evolution,

and spatial structure. This irregularity has been in-

terpreted as resulting from either nonlinear chaotic

dynamics of the ocean-atmosphere system or from

stochastic forcing by weather noise, including

episodic “westerly wind bursts” and other forms

of intraseasonal atmospheric variability (2).

The life cycles of El Niño and La Niña differ

in important details (10), one of which is that

nonlinear processes favor stronger El Niños than

La Niñas (11). These differences may account in

part for the skewed distribution of ENSO SST

anomalies toward larger extreme warm vis-à-vis

cold values (Fig. 2). The tendency for more and

stronger El Niños than La Niñas from the mid-

1970s to the late 1990s has also been cited as

evidence for a decadal modulation of ENSO.

Interaction with the Pacific decadal oscillation

(PDO) (12) is one possible explanation, although

it could also be simply that the ENSO cycle

varies randomly on decadal time scales (13, 14).

There is considerable debate at present about

what causes the trade winds to relax at the onset of

El Niño. One perspective is that ENSO freely

oscillates between warm and cold phases as part

of a continuum in which weakening of the trades

at the onset of the warm phase results from large-

scale deterministic processes operating during

previous phases (15). Another perspective is that

the ocean and atmosphere in the tropical Pacific

tend to stably reside in a preferred state that is

cold in the east and warm in the west and that

El Niños occur only when the system is energized

by high-frequency stochastic forcing (16). Argu-

ments have been marshaled to support both per-

spectives, and there is evidence to suggest that

the system may alternate between multidecadal

epochs of more stable versus freely oscillating

dynamics (13). This issue has considerable impli-

cations not only for our understanding of ENSO

but also for our ability to improve ENSO forecast

models, because predicting the onset of warm

and cold events and their ultimate magnitude

while still in the early stages of development may

depend on accurate representation of both sea-

sonal and shorter time scale dynamical processes

in the ocean and the atmosphere (17).

Climate Impacts

Shifts in tropical Pacific precipitation patterns

in response to El Niño warming in the central
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and eastern Pacific typically bring drought to

Australia, Indonesia, and neighboring coun-

tries, whereas the island states of the central

Pacific and the west coast of South America

are often inundated with heavy rains. Changes

in the location and intensity of this rainfall

and associated latent heat release into the

atmosphere also lead to widespread changes

in atmospheric circulation and weather pat-

terns outside the tropical Pacific referred to as

teleconnections (3). The remote effects of

ENSO are felt in the North and South Pacific

(Fig. 1), in all other ocean basins, on all seven

continents (3, 18, 19), and in the

stratosphere (20). Strong events

like those in 1982–1983 and

1997–1998 have dramatic world-

wide consequences, whereas weak

events like the one in 2004–2005

(Fig. 2) may have impacts that are

muted or even undetectable above

the background weather noise of

the atmosphere (21). La Niña often

produces climate impacts that are

roughly opposite to those of El

Niño, although asymmetries in

convective heating of the tropical

atmosphere due to warm and cold

SST anomalies favor larger atmo-

spheric responses to strong El

Niños than to strong La Niñas (22).

El Niño and La Niña affect the

frequency, intensity, and spatial

distribution of tropical storms. In

the Atlantic, for example, hurri-

canes tend to be reduced in num-

ber and intensity during moderate

to strong El Niño events but

stronger and more numerous dur-

ing La Niña events. These year-

to-year changes translate into a

3-to-1 greater likelihood of a major

Atlantic hurricane striking theUnited

States during La Niña versus El

Niño years, with correspondingly

higher economic losses during La

Niña years (23).

Geographically, the impacts of

El Niño and La Niña are most

consistent from event to event in

the tropical Pacific and bordering areas where

the atmosphere responds directly to SST forc-

ing (3). Impacts are prominent but less con-

sistent at higher latitudes and in other ocean

basins remote from the Pacific because of

interference from weather noise or other

regional modes of climate variability. Tele-

connections may also vary with time because

of long-term changes in the structure and

amplitude of ENSO SST anomalies or because

of changes in atmospheric circulation that af-

fect far-field responses to tropical Pacific SST

forcing (24, 25). Thus, although El Niño and

La Niña often lead to systematic seasonal shifts

in regional weather patterns that favor drought,

flood, heat waves, and extreme events, actual

impacts may vary from those expected for any

given ENSO episode.

Ecosystems

The altered environmental conditions that

result from El Niño and La Niña influence

global patterns of primary production (the

fixation of carbon by plants) (26), with effects

that ripple through higher levels of the food

chain in both marine and terrestrial ecosys-

tems. During El Niño, primary production in

the tropical Pacific, which accounts for 10%

of the total in the world ocean, significantly

decreases in response to weakened upwelling

(27). This reduced productivity affects the mor-

tality, fecundity, and geographic distribution of

marine mammals, sea birds, and commercially

valuable fish species (28). El Niño’s impact on

Pacific ecosystems extends from the open ocean

to the west coasts of North and South America

and involves benthic as well as pelagic commu-

nities (29). Moreover, atmospheric teleconnec-

tions can influence marine ecosystems remote

from the tropical Pacific, such as in the Southern

Ocean where ENSO affects the abundance and

distribution of krill, a keystone species in the

Antarctic marine ecosystem (30).

Populations decimated by El Niño, partic-

ularly at higher trophic levels, may require

several years to fully rebound. The collapse of

the Peruvian anchovy fishery during the

1972–1973 El Niño is a classic example.

The fishery was the largest in the world, with

harvests of over 12 million metric tons in the

early 1970s. However, a decade of overfishing

had reduced the resilience of the anchovy stocks

to withstand major environmental disturbances.

This set the stage for a catastrophic shift in the

ecosystem when sea temperatures warmed and

the food chain was disrupted. Anchovy har-

vests during the subsequent 20

years were reduced by an order of

magnitude, a reduction reinforced

by a decadal shift toward warmer

tropical Pacific temperatures in the

mid-1970s (31).

Elevated temperatures associ-

ated with strong El Niño events

lead to bleaching of tropical corals.

The most massive and widespread

episode of bleaching occurred dur-

ing the 1997–1998 El Niño, when

16% of the world’s reef-building

coral died (32). Decadal warming

trends in tropical ocean temper-

atures, possibly related to global

warming, contributed to this bleach-

ing by elevating background tem-

peratures on which El Niño SST

anomalies were superimposed.

ENSO influences terrestrial eco-

systems primarily by altering pat-

terns of rainfall, surface temperature,

and sunlight availability, which

affect primary productivity, plant

and animal mortality, and species-

specific reproductive strategies. Ef-

fects of El Niño and La Niña have

been documented in such diverse

environments as tropical rainforests,

mangrove swamps, boreal forests,

deserts, and semiarid shrub lands

(28, 33). In the Galapagos Islands,

for example, seasons of unusually

heavy rainfall associated with El

Niños lead to the greening and flow-

ering of an otherwise arid landscape.

Sharp increases in the population of Darwin’s

finches result from the increased availability of

seeds and insects, with some species faring bet-

ter than others depending on body and beak

size. Many broods of a reproductively success-

ful finch species can hatch over the course of a

strong El Niño event, so the forces of natural

selection act to produce evolutionary changes

in key physical traits that are passed from one

generation to the next. These adaptations pro-

vide a unique demonstration of Darwin’s theory

of evolution (34).

Species may respond in unexpected ways

to ENSO forcing as a result of biotic inter-

actions involving competition and predator-

Fig. 1. El Niño anomalies in SST (color shading and scale in °C), surface
atmospheric pressure (contours), and surface wind stress (vectors) in the
Pacific basin. Pressure contour interval is 0.5 mb, with solid contours positive
and dashed contours negative. Wind stress vectors indicate direction and
intensity, with the longest vector equivalent to ~1 N m−2. The patterns in this
graphic are derived from a linear regression against SST anomalies averaged
over 6°N–6°S, 90°W–180° in the eastern and central equatorial Pacific. All
quantities scale up or down with the intensity of anomalies in this index
region, that is, higher for strong El Niños and lower for weak El Niños.
Anomalies of opposite sign apply to La Niña events, although there are some
differences in the spatial patterns of El Niño and La Niña that this linear
analysis does not capture (10, 11).
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prey relationships (28). ENSO impacts may

also be exaggerated by land-use practices (35)

and in some cases may catalyze shifts in eco-

systems that persist stably for decades (33).

Forest fires, like those that burned out of con-

trol over large drought-affected regions of Cen-

tral America, the Amazon, and Indonesia during

the 1997–1998 El Niño, result in catastrophic

changes in ecosystem structure and function as

habitat is destroyed and endemic populations

are decimated. Local extinctions that affect

biodiversity are also possible as in the case of

fig wasps in Borneo, which disappeared as a

result of extreme drought associated with the

1997–1998 El Niño (36).

Global Carbon Cycle

Year-to-year variability in global atmospheric

carbon concentrations is dominated by the

ENSO cycle (37). The equatorial Pacific is the

largest natural oceanic source of carbon to the

atmosphere, outgassing about 1 billion metric

tons of carbon in the form of CO2 per year. The

source of this carbon is equatorial upwelling,

which brings water rich in inorganic carbon

from the interior ocean to the surface. During

El Niño, equatorial upwelling is suppressed in

the eastern and central Pacific, significantly

reducing the supply of CO2 to the surface (38).

As a result, the global increase in atmospheric

CO2, which is primarily driven by anthropo-

genic sources, noticeably slows down during

the early stages of an El Niño. However, during

the later stages of an El Niño, global CO2

concentrations rise sharply, reflecting the

delayed response of the terrestrial biosphere to

El Niño–induced changes in weather patterns.

Widespread droughts and elevated temperatures

in the tropics contribute to an increase in the

number and extent of forest fires and to

modification of the balance between respiration

and photosynthetic uptake of CO2 in land plants.

These processes, which were particularly pro-

nounced during the severe 1982–1983 and

1997–1998 El Niños (39), result in an anom-

alous increase in the supply of CO2 to the

atmosphere sufficient to override the reduction

in CO2 from decreased equatorial upwelling.

Forest fires in Indonesia during the 1997–1998

El Niño, because of their scale and duration,

released unprecedented amounts of CO2 into

the atmosphere, producing the largest annual

increase in concentrations since record-

keeping began in 1957 (40).

Forecasting ENSO and Its Impacts

Except for the regular progression of the sea-

sons, ENSO is the most predictable climate

fluctuation on the planet. Its predictability is

based on wind-driven seasonal variations in

the amount of heat stored in the upper few

hundred meters of the tropical Pacific Ocean.

These variations affect sea surface temper-

atures, which in turn influence the global at-

mospheric circulation. The ability to predict

ENSO was first demonstrated in the mid-1980s

using simple dynamical and statistical mod-

els (4). This was followed by the develop-

ment of several other forecast systems of

increasing sophistication, with skill (a quantita-

tive measure of forecast accuracy) expected

for lead times of up to a year. Surprisingly

however, weak to moderate strength ENSO-

related fluctuations of the early to mid-1990s

were not well predicted. Forecast models also

failed to predict the onset, rapid growth, ulti-

mate magnitude, and sudden demise of the

giant 1997–1998 El Nino with uniform reli-

ability (41).

Despite considerable efforts in model and

forecast system development, progress in im-

proving prediction skill has been very modest

in recent years. Dynamical methods offer the

most promise for further improvement in the

long term, but they are not at present sys-

tematically better than statistical methods

(42). Virtually all coupled climate models ex-

hibit significant bias errors in the simulation

of ENSO variations and the mean tropical

Pacific climate (43). Coupled model forecasts

are also prone to experience “initialization

shock,” a rapid unphysical adjustment toward

the model climatology that can interfere with

the ability to correctly evolve real climate sig-

nals. Moreover, few if any 3 of these models

realistically represent variability associated

with westerly wind bursts and other tropical

intraseasonal time-scale fluctuations.

In parallel with efforts to reduce model

biases, minimize initialization shock, and im-

prove overall model performance, ensemble

forecast methods have recently been developed

to enhance forecast skill. These methods in-

volve averaging over several individual fore-

casts from a single model or averaging over the

forecasts from several different models (44).

One such ensemble illustrates SST predictions

for the development of an El Niño this year

(Fig. 3). Warming is already under way (Fig. 2),

although there is uncertainty in the ultimate

strength of the event given the spread of the

forecasts, which range from weak to moderate

in amplitude. It is noteworthy that this ensem-

ble of models did not predict significantly

enhanced probabilities of El Nino development

until July 2006, more or less coincident with

the occurrence of westerly wind bursts in the

western Pacific and observed warming in the

central Pacific.

From a societal perspective, it is important

to predict not only ENSO-related ocean tem-

perature fluctuations but also seasonal climate

anomalies throughout the world. Statistical

and dynamical modeling approaches are both

presently used for this purpose (45), and they

indicate the likely development of typical El

Niño temperature and precipitation anomalies

for the 2006–2007 boreal fall and winter season

(46).However, as with the ultimate magnitude

of the event, there is considerable uncertainty

at present in the expected severity of its impacts.
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Fig. 2. The Southern Oscillation index (SOI) and Niño-3.4 SST index for January 1950 to September
2006. This plot illustrates the coupled interactions between the ocean and the atmosphere that give
rise to ENSO variations. Low SOI values are associated with weaker trade winds and warm sea
temperatures (El Niño), whereas high SOI values are associated with stronger trade winds and cold
sea temperatures (La Niña). The Niño-3.4 index is computed from monthly SST anomalies in the
region 5°N–5°S, 120°–170°W. Positive anomalies >0.5°C indicate El Niño events, and negative
anomalies 0.5 are shaded to emphasize the relationship with El Niño and La Niña. In the left panel,
values have been smoothed with a 5-month running mean for clarity. The right panel shows the last
13 months of the record (unsmoothed) to highlight developing El Niño conditions in late 2006. Note
the different scales for Niño-3.4 SST and SOI in the two panels.
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Promising methods to improve forecasting of

seasonal climate anomalies in the future are un-

der development, including those that combine

information from an ensemble of dynamical global

climate models weighted according to their rela-

tive reliability (47).

Practical Applications

ENSO variability affects agriculture, power

generation, fresh water resources, public health

and safety, forestry, fisheries, transportation,

tourism, financial markets, and many other

spheres of climate-sensitive human endeavor

(48). To cite a few specific examples, ENSO-

related changes in temperature and precipitation

create conditions favorable for the spread of

zoonotic, insect-borne, and water-borne dis-

eases such as hantavirus, malaria, dengue fever,

and cholera (49).As a measure of impact, many

of the 22,000 lives lost during the 1997–1998

El Niño were related to disease outbreaks in the

developing world (6). The unprecedented scale

of the Indonesian forest fires (35) and the

resulting veil of haze and smog throughout

Southeast Asia during 1997–1998 also led to

widespread respiratory illness (50).

Drought as well as flooding can adversely

affect both subsistence agriculture and the

production of cash crops. ENSO-related shifts

in precipitation patterns have affected the

production of wheat, rice, maize, sugar cane,

and other important crops in far-flung corners

of the globe (48, 51, 52). Historically, drought-

related crop failures due to El Niño were a

major contributor to famine that would peri-

odically devastate vulnerable populations (53).

Current ENSO climate forecasts have mod-

est skill at two- to three-season lead times, al-

though for specific seasons and locations

performance is much better (45). Thus, even

in view of their limitations, ENSO forecasts

can provide valuable input to the development

of risk-management strategies for many climate-

sensitive activities. In addition, although fore-

casting the precise onset of warm and cold

events is problematic, it is known that ENSO

SST anomalies during the second half of the

calendar year tend to persist for about two

seasons. Therefore, once an event is under

way, simply being able to observe and describe

its evolution can provide valuable information

for decision makers.

The predictability of ENSO has prompted

many efforts to make practical use of climate

analysis and forecast information (54). Exam-

ples include input to management strategies

for public health (50, 55), agriculture and food

security (51, 52), fresh water resources (56),

and fisheries (57). ENSO’s impacts on storm-

generated surface waves and coastal ocean

circulation, which affect geological processes

such as shoreline erosion and accretion, have

been factored into land development and coastal

zone management plans at local governmental

levels (58).

To be of value, seasonal forecasts need to

be delivered with sufficient accuracy, timeliness,

and detail. Communicating the probabilistic

nature of the forecasts and their uncertain-

ties is also essential (52) because forecasts

are not 100% perfect and outcomes some-

times are at odds with expectations. Despite

these challenges, though, prudent use of ENSO

forecasts can pay dividends. California, for

instance, saved US $1 billion in 1997–1998

as a result of actions taken by individuals,

businesses, and government in response to

advance warning of El Niño’s impending im-

pacts (59).

Most efforts to make use of ENSO forecast

information have focused on preparing for El

Niño events because in the past 25 years they

have tended to be more frequent, stronger, and

dramatic in terms of impacts than LaNiña events.

However, predictability can be exploited ad-

vantageously for both phases of the ENSO

cycle (60). Also, it is often the adverse impacts

of ENSO variations that receive the most pub-

licity, whereas the benefits, at least for some

regions of the globe, are much less understood

and appreciated. It is estimated, for example,

that the 1997–1998 El Niño resulted in a net

benefit of $20 billion to the U.S. economy

because of the reduced number of land-falling

hurricanes and the unusually warm winter in

the Midwest (59).

ENSO Past and Future

Evidence from natural climate archives such

as corals and lake sediments indicates that

ENSO varied significantly in strength in the

geologic past. For example, changes in the

Earth’s radiation balance due to major volcan-

ic eruptions, variations in solar output, and the

precession of the Earth about its axis have all

affected the ENSO cycle over the past 130,000

years (9, 61, 62). Further back in time, per-

manent El Niño–like conditions developed in

the tropical Pacific during the warm Pliocene

~3 to 5 million years ago when atmospheric

CO2 levels were comparable to those of today

(63). Also, evidence suggests a more energetic

ENSO cycle during the Eocene “hothouse”

~35 to 55 million years ago when atmospheric

CO2 concentrations approached levels that were

twice the pre-industrial values (64).

Past climates are not exact analogs for the

modern world, but it is reasonable to assume

that changes in the radiative balance of the

earth due to anthropogenic greenhouse gas emis-

sions could affect climatic conditions in the

tropical Pacific. Using this logic, some inves-

tigators have interpreted the tendency for stron-
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Forecasts in most cases are from September 2006 initial conditions and are for seasonal averages from
October-November-December (OND) 2006 through June-July-August (JJA) 2007 seasonal averages. Most
models predict significant warm anomalies (>0.5°C anomaly), indicating the likelihood of a weak to
moderate strength El Niño lasting at least into boreal spring 2007. The forecasts represent ensemble means
or, for most statistical models, a single deterministic forecast. Institutions involved in issuing the forecasts
are indicated by different symbols and listed at right (80). Area between the dashed lines at ±0.5°C
indicates neutral conditions. Observed values (OBS) for July-August-September (JAS) 2006 and for
September 2006 alone are shown as black diamonds. The inset shows observed SST anomalies
averaged over 3 to 30 September 2006, with the Niño-3.4 region outlined. Contour interval in the
inset is 0.5°C, with warm anomalies in yellow to red colors and cold anomalies in blue. See http://iri.
columbia.edu/climate/ENSO/currentinfo/SST_table.html for a description of the various models and
the methods by which the forecasts are compiled.
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ger and more frequent El Niños than La Niñas

since themid-1970s (Fig. 2) as amanifestation of

global warming. This recent behavior is, how-

ever, most likely not outside the range expected

for natural climate variability (62, 65). Compet-

ing hypotheses, such as random fluctuations or

interaction with the PDO, are equally plausible

(13). Thus, there is no definitive evidence from

the instrumental record at present for changes in

ENSO behavior in response to greenhouse gas

forcing.

How future global warming may affect

ENSO is open to debate. The consensus outlook

from the current generation of global climate

models suggests no significant change in ENSO

characteristics under various greenhouse gas

emission scenarios that presume a doubling of

atmospheric CO2 from preindustrial levels over

the next 100 years (66). Similarly, there is no

clear indication of a significant shift toward

either permanent El Niño–like or permanent La

Niña–like background conditions in response to

doubled CO2 concentrations (9, 66). However,

climate models have known flaws that com-

promise the reliability of future projections in

the tropical Pacific (67).

Therefore, we cannot say with confidence

at present how global warming will affect

either ENSO variability or the background

state on which it is superimposed (9). None-

theless, substantial long-term changes in the

tropical Pacific, if they were to occur, could

amplify global warming (63, 68) and leave

regional-scale fingerprints on it by shifting the

probability distribution of ENSO-related tele-

connections. These changes would affect marine

and terrestrial ecosystems, in some cases coun-

terintuitively because of species interactions or

other nonlinear biological processes (33). Sys-

tematic changes in the tropical Pacific would

feed back to the global carbon cycle by modi-

fying the balance of carbon sources and sinks in

the ocean and on land (38).Altered climatic con-

ditions in the tropical Pacific would likewise

introduce a wild card into the effects of global

warming on hurricane frequency and intensity,

currently a topic of hot debate (69).

Concluding Remarks

The first years of the 21st century have wit-

nessed a burgeoning interest in the ENSO cycle,

its impacts on the Earth system, and its socio-

economic consequences. This interest was

stimulated by the powerful 1997–1998 El Niño

and enabled by research advances over the

previous two decades. ENSO is the strongest

andmost predictable natural variation of Earth’s

climate on year-to-year time scales, affecting

physical, biological, chemical, and geological

processes in the oceans, in the atmosphere, and

on land. As a key piece of Earth’s complex

climate puzzle, it provides a conceptual frame-

work within which to coherently interpret

seemingly disconnected events in widely sep-

arated parts of the globe. By virtue of their

recurrence every few years and their distinctive

global pattern of environmental impacts, El

Niño and La Niña also provide a unique context

for developing testable hypotheses about how

various components of the Earth system

respond to climate forcing. Knowledge about

the ENSO cycle and the ability to forecast its

variations, however limited at present, supply

valuable information for economic develop-

ment, public welfare, and responsible steward-

ship of Earth's limited natural resources. From a

broad perspective, therefore, ENSO represents

an integrating concept across a range of dis-

ciplines in the Earth and related social sciences.

Moreover, as a fascinating scientific problem

with real-time climate impacts and tangible

socioeconomic consequences, ENSO offers an

opportunity to educate the public and policy

makers about natural climate variability and, by

extension, climate change.
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D
espite improved sanitation, intestinal nem-

atode infections remain a major health

threat to humans. Protection against nem-

atodes is mainly mediated by type 2–biased

immune responses (1), characterized by T helper 2

(TH2) lymphocytes and other cells secreting a set

of cytokines, including interleukin 4 (IL-4), IL-5,

IL-10, and IL-13 (2). Increased shedding of the

epithelium of the caecum of the intestine is also

crucially important for clearing the intestinal

nematode parasite Trichuris muris (3). Members

of the epidermal growth factor (EGF) family can

induce proliferation of the gut epithelium (4).

GeneChip (Affymetrix, Santa Clara, CA,) analysis

of genes induced in different CD4 T cell subsets

revealed that in vitro activation through the T cell

antigen receptor induced preferential expression

of the EGF family member amphiregulin in TH2

cells, compared with the absence of amphireg-

ulin expression in naïve,

THpp, or TH1 cells (Fig.

1A).Selectiveexpression

in TH2 cells was con-

firmed by a GeneChip

analysis of T cell subsets

from a second mouse

strain (5) and by aNorth-

ern blot and reverse tran-

scription polymerase

chain reaction (RT-PCR)

analysis (fig. S1).

To test whether am-

phiregulin was also ex-

pressed during a typical

type 2 response in vivo,

we infected C57BL/6

mice with T. muris, and

14 days after infection

weanalyzed cDNAfrom

mesenteric lymph nodes

(MLN) by real-time

PCR. Expression of the

TH1 cytokine interferon-g

was reduced,whereas ex-

pression of amphiregulin

was increased, in parallel

with the typical TH2 cyto-

kines IL-4 and IL-13

(Fig. 1B). Amphiregulin

mRNAwas also detected

by real-time PCR [nor-

malized threshold cycle

difference (ΔCt) = 11.5

compared to CD3e] in the caecal tissue of

infected amphiregulin-deficient mice (6) that

had received CD4 T cells from a Trichuris-

infected wild-type mouse but was undetectable

(ΔCt > 15.9 compared to CD3e) in nontrans-

ferred mice, confirming amphiregulin expression

by T cells in the caecal tissue.

The physiological relevance of amphiregulin

to parasite infection was tested by comparing

amphiregulin-deficient and wild-type C57BL/6

mice after infection with T. muris. In these

experiments, similar numbers of larvae were

detected after 10 days (366 compared to 363),

and both wild-type and amphiregulin-deficient

mice cleared the parasite by day 19. However,

worm clearance at day 14 was significantly

delayed in amphiregulin-deficient mice (Fig.

1C). The CD4 T cell–dependent increase in the

progression of proliferating epithelial cells up

the gut villi, induced by Trichuris infection, was

also diminished in amphiregulin-deficient mice

(fig. S2). However, the infection induced similar

IL-4, IL-5, and IL-13 responses in amphiregulin-

deficient and wild-type mice (fig. S3).

Clearance of Trichuris is independent of

mast cells, g d T cells, eosinophils, and natural

killer T cells (1). However, it remained possible

that nonlymphoid gut cells might produce

amphiregulin that could enhance pathogen

clearance. To test whether lymphoid cell-derived

amphiregulin was sufficient to accelerate parasite

clearance, we infected bone marrow chimeras

between amphiregulin-deficient and wild-type

mice with Trichuris and measured the worm

burdens 14 days later. Amphiregulin-expressing

bone marrow cells significantly restored para-

site clearance in amphiregulin-deficient mice

(P = 0.021, one-tailed Mann Whitney test, Fig.

1D). Thus, although other pathways (possibly

IL-13–dependent) can ultimately expel worms,

amphiregulin secreted by hematopoietic (prob-

ably TH2) cells significantly enhances the ex-

pulsion of this intestinal parasite.

The expression of amphiregulin by the TH2

subset of T cells provides a newly recognized

link between the type 2 adaptive immune re-

sponse and the proliferation of gut epithelial

cells that aids helminth parasite removal. This

response adds to other type 2 effector mecha-

nisms, including edema and smooth muscle

contractility (8), to provide a concerted attack on

the parasites. The coexpression of amphiregulin

with the allergy-inducing TH2 cytokine pattern

also raises the intriguing possibility that TH2

cells contribute to both the tissue hypertrophy

and allergic mechanisms that cause asthma.
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Fig. 1. Amphiregulin (Areg) is expressed by activated TH2 cells and required
for rapid nematode expulsion. (A) BALB/c THpp, TH1, and TH2 cell lines were
produced as described previously (5), and gene expression was measured
by using Affymetrix GeneChips before and 9 hours after activation by
antibodies specific for CD3 and CD28 (5, 7). (B) RNA isolated from MLN of
day 14 Trichuris-infected C57BL/6 mice was analyzed by real-time PCR.
Expression quantities were normalized to CD3e expression and compared
with uninfected mice (baseline of Areg expression being DCt = 12.8
compared to CD3e). (C) Female wild-type (wt) or amphiregulin-deficient
mice were infected with T. muris, and worms in the caecum and upper
colon were counted on day 14 by a blinded operator (6). (D) Irradiated (10
gray) wild-type and amphiregulin-deficient mice were reconstituted with
either wild-type or amphiregulin-deficient T cell–depleted bone marrow
cells and after 30 days infected with T. muris. Worms in the gut were
counted blind on day 14.
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We describe a transgenesis platform for Drosophila melanogaster that integrates three recently
developed technologies: a conditionally amplifiable bacterial artificial chromosome (BAC),
recombineering, and bacteriophage fC31–mediated transgenesis. The BAC is maintained at low
copy number, facilitating plasmid maintenance and recombineering, but is induced to high copy
number for plasmid isolation. Recombineering allows gap repair and mutagenesis in bacteria. Gap
repair efficiently retrieves DNA fragments up to 133 kilobases long from P1 or BAC clones. fC31-
mediated transgenesis integrates these large DNA fragments at specific sites in the genome,
allowing the rescue of lethal mutations in the corresponding genes. This transgenesis platform
should greatly facilitate structure/function analyses of most Drosophila genes.

D
rosophila is an important model orga-

nism for studying biology and disease,

and new tools are continually being de-

veloped to facilitate this research (1, 2). A major

advance was the development of P-element–

mediated transformation after the injection of

plasmids into Drosophila embryos (3). Hence,

P-element vectors have been engineered for

numerous applications (4). However, P-element–

mediated transformation has a number of limi-

tations: inability to clone large DNA fragments

in available P-element vectors, difficulties in

manipulating large DNA fragments, inability

to transfer large DNA fragments into the fly

genome, and failure to target DNA to specific

sites in the genome.

Cloning large DNA fragments in high–copy-

number plasmids, such as typical P-element

vectors, is inefficient because large fragments

are unstable at high copy number in bacteria.

Hence, low–copy-number vectors, including P1

(5) and bacterial artificial chromosome (BAC)

(6) vectors, were developed to stably maintain

large cloned DNA fragments. Unfortunately,

low–copy-number vectors hamper sequencing,

embryo injection, and other manipulations re-

quiring large amounts of plasmid DNA. An

elegant solution is a conditionally amplifiable

plasmid that has two origins of replication

(ori’s): oriS for low-copy propagation, typical

for P1 and BAC vectors; and oriV, which can be

experimentally induced to high copy number

(7). Hence, the introduction of conditionally

amplifiable BAC features into fly transformation

vectors is a first key step to manipulating large

DNA fragments in Drosophila.

Cloning of large DNA fragments is limited by

conventional methods that rely on restriction

enzymes and DNA ligases, hampering analyses

of large genes and gene complexes. Recently,

efficient in vivo cloning technologies using en-

hanced and regulated recombination systems,

commonly known as recombineering, have been

developed (8). Recombineering greatly facilitates

the retrieval of DNA fragments through gap

repair and their subsequent site-directed muta-

genesis. Because recombineering is based on

homologous recombination, restriction enzymes

and DNA ligases are not required. Recom-

bineering is widely used by mouse geneticists

to generate transgenic and knockout constructs.

Recombineering-mediated mutagenesis is much

more efficient with low-copy plasmids (8). Hence,

using recombineering in a conditionally ampli-

fiable BAC should greatly facilitate the gap repair

of large DNA fragments and subsequent muta-

genesis at low copy number.

P-element–mediated transformation is lim-

ited by DNA size, precluding the study of large

genes (>40 kb) and gene complexes. In addi-

tion, more than 75% of P elements insert in

regulatory elements of genes (9), often disrupt-

ing genes in subtle ways (10). Moreover, P ele-

ments are subject to position effects: the effect

of a local chromosomal environment on the lev-

els or patterns of transgene expression. This

necessitates the generation and characterization

of several transgenes for each DNA construct

studied. Hence, site-specific integration would

greatly facilitate structure-function analysis of

transgenes, permitting direct comparison of dif-

ferently mutagenized DNA fragments integrated

at the same site in the genome. Recently, site-

specific integration using the integrase of bac-

teriophage fC31 has been demonstrated in

Drosophila (11). fC31-integrase mediates recom-

bination between an engineered “docking” site,

containing a phage attachment (attP) site, in the

fly genome, and a bacterial attachment (attB)

site in the injected plasmid. Three pseudo-attP

docking sites were identified within the Dro-

sophila genome, potentially bypassing desired

integration events in engineered attP sites. For-

tunately, they did not seem receptive to attB

plasmids, because all integration events were at

the desired attP sites (11). Thus, recovery of large

DNA fragments by gap repair into a low-copy

plasmid containing an attB site, followed by

fC31-mediated transformation, might allow the

integration of any DNA fragment into any en-

gineered attP docking site dispersed throughout

the fly genome.

Here we describe new vectors that over-

come the limitations associated with P-element–

mediated transgenesis. We developed P/fC31 ar-

tificial chromosome for manipulation (P[acman]),

a conditionally amplifiable BAC vector that con-

tains recognition sites for both P-transposase– (3)

and fC31-mediated integration (11). P[acman]

permits recombineering-mediated cloning of any

genomic DNA fragment from Drosophila P1 or

BAC clones (12–15) and enables the transfer of

large DNA fragments into the fly genome. The

ability to easily manipulate these DNA frag-

ments through recombineering and to introduce

them into specific sites in the fly genome will

greatly facilitate and accelerate in vivo genetic

manipulations of Drosophila.

Results

Construction of a BAC transgenesis vector

for Drosophila. The motivation to construct P

[acman] grew from our inability to clone 29- and

39-kb DNA fragments in existing P-element

vectors for the transformation rescue of muta-

tions in the gene senseless2 (16).Wewere unable

to identify restriction sites for cloning the entire

gene. Moreover, recombineering-mediated gap

repair in existing high-copy P-element vectors

was unsuccessful. This was consistent with pub-

lished data demonstrating that gap repair in high-

copy or medium-copy plasmids has an upper size

limit of 25 and 80 kb, respectively (17). Because

high-copy P elements have a substantial size, gap

repair is limited to fragments of about 20 kb. We

hypothesized that a low-copy plasmid might

alleviate size limitations and improve the sta-

bility of large DNA fragments. Hence, we added

P-element components to a chloramphenicol-

resistant conditionally amplifiable BAC (7),

resulting in P[acman]-CmR (Fig. 1A). The P-

element components include the 5′P and 3′P

termini required for P-transposase–mediated

integration, a multiple cloning site (MCS), and

the white
+ marker. The conditionally ampli-

fiable BAC contains two origins of replication:

oriS and oriV (7). oriS keeps P[acman] at low
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copy number for the stability of large cloned

inserts and efficient recombineering, whereas

oriV permits copy-number induction for high-

yieldDNApreparation for sequencing and embryo

injections. We created transgenic flies containing

P[acman]-CmR using P-transposase–mediated

integration. To facilitate cloning by gap repair

from a variety of sources, we also replaced the

ampicillin-resistance marker into P[acman]-CmR,

resulting in P[acman]-ApR. Both plasmids can

be used to clone any DNA fragment from a

variety of donor vectors.

Recombineering-mediated gap repair into

P[acman]. P[acman] was used to retrieve frag-

ments by gap repair. For each gap repair, we

designed four primer sets (fig. S1). Two ho-

mology arms, located at either end of the DNA

fragment, were cloned into P[acman] (fig. 1B).

Linearization between both homology arms and

the subsequent transformation of the linearized

construct into recombineering-competent

bacteria containing the necessary genomic

clone allow retrieval of the DNA fragment

by gap repair. Gap repair was performed with

the use of two similar strategies, relying on

Red recombination functions (fig. S2) (17, 18).

Both strategies were used to retrieve DNA

fragments ranging from 9.4 to 39 kb, from

different donor plasmids (Table 1). Colony

polymerase chain reaction (PCR) screening

identified correct recombination events at both

junctions after gap repair. After plasmid copy-

number induction, DNA fingerprinting and

sequencing demonstrated that the desired frag-

ment was obtained. Hence, the methodology is

reliable and large DNA fragments can easily be

retrieved.

To test the functionality of the gap-repaired

constructs, we used P-mediated transposition.

Although germline transformation of the con-

structs was efficient with small inserts, the

efficiency dropped for fragments over 20 kb.

Transgenic flies containing the gap-repaired

fragments in P[acman] were crossed to flies

carrying mutations in the corresponding genes.

Eight out of 9 fragments tested fully rescued the

lethality or visible phenotype associated with the

mutations, in the homozygous or transheterozy-

gous condition (Table 1). One fragment (Sec8-L)

did not rescue, although a smaller fragment en-

compassing the same gene did.

fC31-mediated integration of P[acman]. Be-

cause P-transposase–mediated transformation

has size limitations, we explored the possibility

of using fC31-mediated integration to integrate

larger constructs at specific sites within the ge-

nome. To combine the power of recombineering

with fC31, we equipped P[acman] with an attB

site, resulting in attB-P[acman]. To create ge-

nomic attP docking sites, we introduced an attP

site and yellow
+ into a minimal piggyBac trans-

poson (19) (piggyBac-yellow+
-attP) and inte-

grated and remobilized this piggyBac in the

Drosophila genome using piggyBac transposase.

We isolated 34 homozygous viable insertions

and determined their exact genomic location

(Fig. 2A and table S1). Because piggyBac has a

more random distribution than P-transposase

(9), attB-P[acman] should integrate into both

gene-poor and gene-rich regions.

To integrate attB-P[acman], we co-injected

circular plasmid DNA and mRNA encoding

fC31-integrase (11) into embryos carrying

piggyBac-yellow
+
-attP (Fig. 2B). Integration

results in flies with a “yellow+
” body color and

“white+” eye color phenotype. Because the

attB site is upstream of the MCS and white
+ is

downstream of the MCS, only transgenic flies

that are “yellow+ white+” should have undergone

an integration event containing most of the

injected DNA, including the cloned insert (Fig.

2B). Hence, successful integration events can be

genetically traced. Moreover, because both trans-

posons (P-element and piggyBac) are maintained

after integration, the inserted DNA can be re-

mobilized using the respective transposases.

We tested whether different attP docking

sites are equally receptive to attB-P[acman]-

ApR. We focused on seven docking sites: two

each on chromosomes X, 2, and 3, and one on

chromosome 4. As shown in table S2, all but

one of these docking sites were receptive, with

similar integration efficiencies of 20 to 30%. We

occasionally obtained efficiencies as high as

60%, similar to those in a previous report (11).

However, in general we observed higher sur-

vival rates than Groth et al. (11). In our hands,

such efficiencies were higher than the P-

transposase–mediated integration of similar-

sized constructs. Because fC31-mediated–

integration is site-specific, only a single insertion

is needed, and the injection procedure can

therefore be scaled down to 50 embryos or less.

Integration of attB-P[acman]-ApR in the same

docking site led to the same white
+ expression

level (fig. S3). This is convenient, because rare

events that were not integrated in the proper site

exhibited a different eye color and were there-

fore distinguished from true integration events.

Integration of attB-P[acman]-ApR in a single

docking site on chromosome 2 consistently

caused a patchy red eye phenotype (fig. S3D),

indicating position-effect variegation of white+

Table 1. Retrieval of genes in P[acman]. Genomic fragments containing genes of interest retrieved
by gap repair into P[acman]-CmR or -ApR are shown. Donor plasmids, with clone coordinates, are
P1, BACs, or ampicillin-modified BACs (BAC-ApR). Mutations in the corresponding genes were lethal
or showed a phenotype. Rescue was obtained for most genes using P-element–mediated
transformation. NA, not applicable.

Gene Construct Size Donor Clone P[acman] Mutation Rescue

sens2 sens2-22 22.3 kb P1 DS05421 CmR NA NA

sens2 sens2-29 28.9 kb P1 DS05421 CmR NA NA

sens2 sens2-39 38.9 kb P1 DS05421 CmR NA NA

CG10805 CG10805-S 9.7 kb P1 DS05421 CmR Lethal Yes

CG10805 CG10805-L 14.7 kb P1 DS05421 CmR Lethal Yes

dap160 dap160 10.9 kb P1 DS02919 CmR Lethal Yes

sens sens-S 12.1 kb BAC-ApR BACR17E13 CmR Lethal Yes

sens sens-L 18.1 kb BAC-ApR BACR17E13 CmR Lethal Yes

Dalpha7 Da7 29.4 kb BAC-ApR BACR02B03 CmR Phenotype Yes

Drp Drp 9.4 kb BAC BACR30P05 ApR Lethal Yes*

Sec8 Sec8-L 12 kb BAC BACR02L23 ApR Lethal No

Eps15 Eps15-L 11.9 kb BAC BACR27P17 ApR Lethal Yes

*From (25).

Fig. 1. P[acman]: BAC transgenesis for Drosophila.
(A) P[acman] contains P-element transposase sites
(3′P and 5′P), white+, and an MCS. This P element is
inserted in the conditionally amplifiable BAC,
containing a low-copy origin of replication (oriS)
and a copy-inducible origin of replication (oriV). (B)
P[acman] is linearized between both homology
arms (LA and RA) and transformed into recom-
bineering bacteria containing P1 or BAC clones.
Integration into the germ line of white

– flies is
mediated by P-element–mediated transformation.
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expression. This was not observed for the

yellow
+ marker present at the same docking

site. Moreover, the insertion of attB-P[acman]-

ApR into different docking sites resulted in

different eye color phenotypes, indicating posi-

tion effects on the expression level of the white+

marker (fig. S3). The main difference between

fC31- and P-element–mediated integration is

that position effects with the fC31 system are

predictable, allowing for the selection of

different but defined expression levels.

To identify correct integration events, we

developed PCR assays specific for the attP, attL

(left attachment), and attR (right attachment)

sites (Fig. 2C). Correct integration events were

identified by the loss of the attP PCR product

(specific for the original docking site) and the

appearance of attL and attR PCR products

(specific for the integration event). PCR analysis

indicated that all but one of the insertions was

correctly integrated. Moreover, correct integra-

tion events in homozygous viable docking sites

maintained homozygous viability, demonstrating

that the insertion does not detrimentally affect

the local chromosomal environment. In numer-

ous transformation experiments, in addition to

proper integration events, we recovered only one

event that converted a homozygous viable

docking site into a recessive lethal locus. PCR

analysis demonstrated that this event did not

result in correct integration. Therefore, fC31-

mediated integration is very efficient.

Cloning of large DNA fragments into attB-

P[acman]. To clone large DNA fragments into

attB-P[acman]-ApR, we performed recombineer-

ing-mediated gap repair, as described above. We

retrieved fragments up to 102 kb in length from

single P1 or BAC clones (Table 2).Multiple genes

and gene complexes, including bancal, Dscam,

teashirt, and the Bearded and Enhancer of Spl

complexes, were cloned into attB-P[acman]-ApR

(Table 2). Unfortunately, some large genes were

not contained within a single BAC (15). We

therefore decided to reconstitute large genes

through serial gap repair from two overlapping

BACclones into attB-P[acman]-ApR: In step 1, the

smaller part is retrieved from one BAC, which is

followed by step 2, retrieving the remainder of the

gene (Fig. 3 and fig. S4). This two-step procedure

was successful in retrieving a 133-kb fragment

encompassing the Tenascin-major gene (Table 2).

Fig. 2. P[acman] trans-
genesis in Drosophila

using the fC31 system.
(A) The piggyBac-y+-attP
docking element was
transformed or remobi-
lized in the Drosophila

genome to obtain multi-
ple attP docking lines
(VK lines). Locations are
indicated on a schemat-
ic representation of the
polytene chromosomes.
White triangles repre-
sent insertions between,
and black triangles with-
in, annotated genes. VK
line numbers (table S1)
are indicated within
the triangles. (B) attB-
P[acman] can integrate
at an attP docking site
in the fly genome. (C)
Correct integration events
in docking sites are
PCR-positive for the attR
and attL assays, whereas
original docking sites are PCR-positive for the attP assay. yw served as a negative control. Two docking sites on chromosomes X (VK6 and VK38), 2 (VK1 and VK2),
and 3 (VK5 and VK13) were used. LM, length marker.

Table 2. Retrieval of genes in attB-P[acman]. Genome fragments containing genes of interest
retrieved by gap repair into attB-P[acman]-ApR are shown. Donor fragments are from P1 or BACs, or
from PCR. Clone coordinates of the donor clones are indicated. Mutations in all corresponding
genes are lethal. Rescue is indicated for P-element– or fC31-mediated transformation. ND, not
determined; NA, not applicable.

Gene Construct Size Donor Clone
Transgenics

P Rescue phiC31 Rescue

Sec6 Sec6-S 2.8 kb PCR BACR27L09 Yes No Yes ND

miR-4 miR-4 4.5 kb BAC BACR02J10 ND NA ND NA

Sec8 Sec8-S 4.9 kb BAC BACR02L23 Yes Yes ND NA

Eps15 Eps15-S 10.8 kb BAC BACR3B7 ND NA Yes ND

Sec6 Sec6-L 11.5 kb BAC BACR27L09 Yes ND Yes ND

sens sens-L 18.1 kb BAC BACR17E13 ND NA No NA

miR-9a miR-9a 20.1 kb BAC BACR01D04 ND NA Yes ND

Tsh Tsh-1 28.4 kb BAC BACR03L08 ND NA Yes Yes

grp grp 29.8 kb P1 DS00592 ND NA Yes ND

Brd-C Brd-C 37.2 kb BAC BACR01H12 ND NA ND NA

bancal bancal 39.5 kb BAC BACR33D17 ND NA ND NA

Dscam Dscam-1 73.3 kb BAC BACR26B18 ND NA Yes Yes

E(Spl)-C E(Spl)-C 77.7 kb BAC BACR13F13 ND NA Yes Yes

Tsh Tsh-2 86.4 kb BAC BACR03L08 ND NA Yes Yes

Dscam Dscam-2 102.3 kb BAC BACR26B18 ND NA No NA

ten-m ten-m 20 kb BAC BACR02D04 NA NA NA NA

ten-m ten-m 133 kb BAC BACR22C11 ND NA Yes Yes
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fC31-mediated integration of large gap-

repaired fragments. To obtain transgenic flies

with attB-P[acman]-ApR constructs, we can use

either P-transposase or fC31-integrase. We first

tested P-transposition for three small fragments.

Transgenic animals were obtained for all three

(Table 2). Because P-transposase–mediated in-

tegration is inefficient for fragments larger than

20 kb, we switched to fC31-mediated integra-

tion. Several injection rounds suggested that the

molar DNA concentration was critical. We em-

pirically established that 75 ng of DNA per

microliter of injection buffer (ng/ml) is the lower

limit for attB-P[acman]-ApR (~13 kb). There-

fore, large (75- to 135-kb) supercoiled plasmid

DNA (300 to 750 ng/ml) was co-injected with

fC31 mRNA (250 to 500 ng/ml) (11). As shown

in Table 2, we obtained transgenic animals for

most constructs, including 73-, 76-, 86-, and 133-

kb fragments. In these cases, the transformation

efficiency was about 10% for medium (15 to

50 kb) and 2 to 4% for large plasmids (>50 kb).

PCR analysis confirmed that all constructs in-

tegrated correctly. For two transgenes, 18 and

102 kb in length, we did not obtain transfor-

mants, illustrating that optimization for certain

constructs might be required. Different gap-

repaired fragments inserted in the same docking

site differentially affected white
+ expression,

suggesting that DNA context is important.

Finally, multiple fragments fully rescued two

independent lethal mutations, in the homozy-

gous or transheterozygous condition, in each of

the four corresponding genes or gene complexes

tested (Table 2). These data show that gap repair

permits the cloning of BAC-sized fragments,

large transgenes can be integrated site-specifically

in the Drosophila genome using fC31, and

mutations in essential genes and entire gene

complexes can be rescued by large transgenic

fragments.

Discussion

P[acman] provides numerous improvements

when compared to current strategies forDrosoph-

ila transgenesis. First, DNA constructs larger

than 100 kb can be retrieved from genomic P1

and BAC clones using recombineering-mediated

gap repair. Fragments are retrieved into a plasmid

fitted with an inducible oriV replication origin

that allows easy preparation of large quantities of

DNA for sequencing and Drosophila transgen-

esis. The retrieved fragments do not need to be

resequenced because they are directly re-

trieved from the genomic clone without PCR

amplification. Second, unlike P-transposase,

fC31-integrase enables the integration of large

fragments into the Drosophila genome. Because

fC31-integrase catalyzes recombination be-

tween two ectopic attachment sites (attB and

attP), transgenes are integrated at specific dock-

ing sites in the fly genome. This largely elim-

inates the problem of position effects, a highly

desirable feature when comparing different

mutagenized constructs derived from the same

transgene for structure/function analysis. Finally,

site-directed mutagenesis via recombineering is

much more efficient in low-copy plasmids such

as P[acman].

We were able to clone fragments as large as

102 kb from single BACs. Only one report

documents the gap repair of a similarly sized

fragment from one BAC (20). In both cases, gap

repair was successful because of the use of a

low-copy vector. Indeed, gap repair into high-

copy or medium-copy plasmids has an upper

size limit of 25 and 80 kb, respectively (17). We

also reconstituted one of the largest Drosophila

genes, using serial gap repair, resulting in re-

constitution of a 133-kb fragment. One recent

report demonstrated a variation of seamless re-

combination of two large DNA fragments (20).

The methodology described here may facilitate

the cloning of even larger genomic fragments

into P[acman], which may not be contained

within single BAC clones in the genome tiling

path set (15).

The numerous docking sites (Fig. 2A and

table S1) created in this work will have to be

characterized in more detail to determine the

expression levels of different genes that are in-

serted in the same site. It will also be important

to determine whether adjacent enhancers or reg-

ulatory elements influence gene expression in

each of the docking sites in order to identify

sites that are as “neutral” as possible, a require-

ment important for the study of regulatory ele-

ments. The neighboring genome environment

may also become important when overexpres-

sion or RNA interference transgenes are in-

serted. We feel that piggyBac-y+-attP insertions

in intergenic regions may be the best candidates

for these applications, although this will have to

be determined experimentally.

The circular fC31 bacteriophage genome is

integrated into the linear genome of its host,

Streptomyces lividans, by fC31-integrase (21).

The genome of fC31 is about 41.5 kb, which is

larger than standard high-copy plasmids. This

fact suggested that fC31-integrase would be

useful to integrate circular DNA molecules up

to 41.5 kb and potentially larger into the Dro-

sophila genome. Indeed, we integrated fragments

up to ~146 kb at defined sites in the genome,

which was previously impossible. Large gap-

repaired fragments should complement many

molecularly defined deficiencies (22), and sub-

sequent mutagenesis should permit the analysis

of genes within the deletion, obviating the need

to recover mutations using conventional genetic

screens or imprecise excision of mapped P

elements. This approach also opens the road for

clonal analysis of any gene that maps close to

centromeric heterochromatin, because transgenic

constructs for these genes can be recombined

onto an FRT-containing chromosome. Finally,

recombineering will allow the integration of any

peptide or protein tag into the genomic rescue

constructs to study protein localization and func-

tion in vivo.

The methodology proposed here opens up a

wide variety of experimental manipulations that

were previously difficult or impossible to per-

form in Drosophila. Moreover, it is expected that

it should be possible to adapt this methodology

to other model organisms, because piggyBac

transposes in many species, including mammals

(23), and fC31 is operational in many species,

including mammalian cells (24).

Fig. 3. Reconstitution of large fragments from two overlapping BACs by serial gap repair. Three
homology arms are designed: LA1, RA1, and RA2, located at the left end, the region of overlap of the
two BACs, and the right end of the desired DNA fragment, respectively. During step 1, the construct is
linearized between LA1 and RA1, and the left segment of the gene is obtained from BAC 1, resulting
in LA2. In step 2, the construct is linearized between LA2 and RA2, and the remaining segment of the
gene is obtained from BAC 2 to reconstitute the entire gene.
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Rubidium-Rich Asymptotic

Giant Branch Stars
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A long-debated issue concerning the nucleosynthesis of neutron-rich elements in asymptotic giant
branch (AGB) stars is the identification of the neutron source. We report intermediate-mass (4 to
8 solar masses) AGB stars in our Galaxy that are rubidium-rich as a result of overproduction of the long-
lived radioactive isotope 87Rb, as predicted theoretically 40 years ago. This finding represents direct
observational evidence that the 22Ne(a,n)25Mg reaction must be the dominant neutron source in these
stars. These stars challenge our understanding of the late stages of the evolution of intermediate-
mass stars and would have promoted a highly variable Rb/Sr environment in the early solar nebula.

L
ow- and intermediate-mass stars (1 to 8

solarmassesM☉) evolve toward the asymp-

totic giant branch (AGB) phase (1) after

the completion of hydrogen and helium burn-

ing in their cores, before they form planetary

nebulae, ending their lives as white dwarfs.

Basically, an AGB star is composed of an inert

carbon-oxygen (C-O) core surrounded by a He-

rich intershell and an extended H-rich convec-

tive envelope. Nuclear energy release is domi-

nated by the H shell and interrupted periodically

by thermonuclear runaway He-shell “thermal

pulses” that initiate a series of convective and

other mixing events. Strong mass loss enriches

the interstellar medium (ISM) with the products

of the resulting complex nucleosynthesis (2).

During this thermally pulsing AGB (TP-AGB)

phase, stars originally born O-rich (reflecting the

ISM composition) can turn C-rich (C/O > 1) as a

consequence of the “dredge-up” of processed

material from the bottom of the convective

envelope to the stellar surface. In AGB stars at

the higher end of this range (4 to 8 M☉), the

convective envelope penetrates the H-burning

shell, activating the so-called “hot bottom burning”

(HBB) process (3, 4). HBB takes place when

the temperature at the base of the convective

envelope is hot enough (T ≥ 2 × 107 K) that 12C

can be converted into 13C and 14N through the

CN cycle, so these AGBs are no longer C-rich

and become again or remain O-rich despite the

dredge-up. HBB models (3, 4) also predict the

production of the short-lived 7Li isotope through

the “
7Be transport mechanism” (5), which

should be detectable at the stellar surface. The

HBB activation in massive AGB stars is sup-

ported by lithium overabundances in luminous

O-richAGB stars of theMagellanic Clouds (6, 7).

In our own Galaxy, a small group of stars show-

ing OH maser emission at 1612 MHz (some-

times without an optical counterpart but very

bright in the infrared, the OH/IR stars) has

recently been found to show strong Li abun-

dances (8).

Mixing of protons into the He-rich intershell

during the TP-AGB phase leads to reaction

chains producing free neutrons, which allow

production of neutron-rich elements such as Rb,

Sr, Y, Zr, Ba, La, Nd, and Tc by slow neutron

capture on iron nuclei and other heavy elements

(the s process) (9–11). There are two possible

chains for the neutron production: 13C(a,n)16O

and 22Ne(a,n)25Mg. The 13C neutron source op-

erates at relatively low neutron densities (Nn <

107 cm–3) and temperatures T < 0.9 × 108 K

(11, 12) in TP-AGB stars during the interpulse

period. The 22Ne neutron source operates at

much higher neutron densities (Nn > 1010 cm–3)

and requires higher temperatures (T > 3.0 ×

108 K), which are achieved only while the

convective thermal pulse is ongoing. In the more

massive AGB stars (> 4 to 5 M☉), where these

high temperatures are more easily achieved, the

s-process elements are expected to form mainly

through the 22Ne(a,n)25Mg reaction (11, 13).

The 22Ne neutron source also strongly favors the

production of the stable isotope 87Rb because of

the operation of a branching in the s-process

path at 85Kr (14) that modifies the isotopic mix

between 85Rb and 87Rb (14–17). Unfortunately,

the Rb isotope ratio cannot be measured in

stellar sources (17) even with the help of very-
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high-resolution spectra because the lines are too

broad, and thus it is difficult to use this parameter

as a neutron density indicator. As an alternative,

the total Rb abundance can be used. The the-

oretical prediction is that the relative abundance

of Rb to other nearby elements produced by the

s process, such as Zr, Y, and Sr, is a powerful

indicator of the neutron density at the s-process

site and, as such, is a good discriminant of the

operation of the 13C versus the 22Ne neutron

source in AGB stars (11, 15–17).

Our sample is composed of 102 galactic

OH/IR stars that we have identified as mas-

sive O-rich AGB stars, for which we recently

determined their Li and Zr abundances (8).

These stars are experiencing very strong mass

loss rates (up to several times 10−5 M☉ year–1)

at this stage and, as a consequence, most of

them are heavily obscured by thick circum-

stellar envelopes, making optical observations

very difficult. Indeed, 42 stars were found to

be too faint at 7800 Å to perform any kind of

analysis.

Despite this observational problem, we were

able to obtain high-resolution optical echelle

spectra (resolving power of ~40,000 to 50,000)

for 60 stars in the sample. The observations

were carried out with the Utrecht Echelle

Spectrograph at the 4.2-m William Herschel

Telescope at the Observatorio del Roque de los

Muchachos (La Palma, Spain) during three

different observing runs in August 1996, June

1997, and August 1997 and the Cassegrain

Echelle Spectrograph of the European Southern

Observatory 3.6-m telescope at La Silla, Chile

in February 1997. Because of the very red colors

of the sources observed, the signal-to-noise (S/N)

ratios achieved in the reduced spectra can

strongly vary from the blue to the red orders

(10 to 20 at 6000 Å, >100 at 8000 Å). The AGB

stars studied here are quite different from other

galactic AGB samples previously studied be-

cause they show the coolest temperatures yet

observed (effective temperature Teff ~ 2700 to

3300 K) and display peculiar properties. The

extremely red spectra are dominated by strong

molecular bands mainly due to titanium oxide

(TiO). The TiO veiling effect is so intense that

it is very difficult to identify individual atomic

lines in the spectra of these stars, with the ex-

ception of neutral species such as Li I (6708 Å),

Ca I (6122 and 6573 Å), K I (7699 Å), Rb I

(7800 Å), and a few Fe I lines. From the mea-

surement of the radial velocities, we conclude

that the Li and Ca atomic lines, as well as the

TiO molecular bands, must be formed in the

stellar atmosphere, whereas the K I and Rb I

absorption lines usually have circumstellar com-

ponents with peculiar velocities. For the majority

of stars, the difference between the mean radial

velocities of the stellar and circumstellar lines is

on the order of the expansion velocity of the

circumstellar envelope, as derived from the OH

maser measurements. In particular, the Rb I

resonance line at 7800.3 Å is originated not only

in the photosphere of these stars but also in the

outer nonstatic layers of the stellar atmosphere

and in the expanding circumstellar shell, as our

observations confirm.

With the use of state-of-the-art synthetic

models appropriate for cool O-rich AGB spectra,

we first derived the stellar fundamental parame-

ters (e.g., Teff ~ 2700 to 3300 K, solar metallicity

[Fe/H] = 0.0, C/O = 0.5, gravity log g = −0.5, etc.)

of these stars (8). Then we carried out a chem-

ical abundance analysis on those sources for

which a spectrum with enough S/N was ob-

tained in the 7775 to 7835 Å region around the

Rb I 7800.3 Å line. For this we constructed a

grid of model spectra at different effective

temperatures in the 7775 to 7835 Å region,

and we used c
2 minimization to determine

which of the model spectra provided the best

fit to the observations. The goal was to fit the

overall shape of the spectra including the TiO

bandheads, which are very sensitive to vari-

ations in the effective temperature as well as the

Rb abundances, which were derived by fitting

the Rb I line. The Rb hyperfine structure (18)

was considered, for which we assumed a solar

Rb isotopic composition (19). Note that an

extremely different value of the Rb isotope ratio

changes the derived Rb abundances only by a

maximum of 0.1 dex. A few sample spectra

together with the best model fits are presented in

Fig. 1.We could obtain reliable Rb photospheric

abundances for 22 stars in our sample (Table 1).

The rest of the stars displayed also very strong

Rb I lines, but the circumstellar contribution to

the line was difficult to quantify, and thus an

accurate abundance analysis was not possible.

Our analysis yielded a wide variety of Rb abun-

dances ranging from [Rb/Fe]~ −1.0 to +2.6 dex.

The overall uncertainty in the derived Rb abun-

dances is estimated to be always less than 0.8 dex.

This mainly reflects the sensitivity to changes

in the atmospheric parameters adopted for the

modeling.

Theoretical models enable us to infer the

mass of the stars from the observed nucleo-

synthesis pattern (15–17). Values of [Rb/Fe] ≈

−0.3 to +0.6 dex and [Rb/Zr] < 0, generally

found in MS, S, and C (N-type) AGB stars in

our Galaxy, are usually interpreted as an

indication of these stars being low-mass (~1 to

3 M☉) AGB stars and of the 13C(a,n)16O reac-

tion being the main neutron source at the origin

of s-process nucleosynthesis (15, 16). Instead,

most of the stars analyzed in our sample show

a strong Rb enhancement ([Rb/Fe] ~ +0.6 to

+2.6 dex) in combination with only a mild Zr

enrichment, as we determined [Zr/Fe] < 0.5

in our stars (8). The high Rb/Zr ratios (~0.1 to

2.1 dex) derived confirm that the stars in our

sample belong to the group of more massive (> 4

to 5M☉) AGB stars in our Galaxy and provide

observational evidence that the 22Ne(a,n)25Mg

reaction is indeed the dominant neutron source

in these AGB stars.

Fig. 1. Best model fit
and observed spectra
around the Rb I line at
7800.3 Å. Shown are ob-
served spectra (in black)
and the best model fit
(in red) of four sample
stars (IRAS 05098-6422,
IRAS 18429-1721, IRAS
06300+6058, and IRAS
19059-2219) with an ef-
fective temperature of
3000 K but with very
different Rb abundances:
[Rb/Fe]=+0.1,+1.2,+1.6,
and +2.3 dex, respec-
tively. Note that the
Rb I resonance line has
a clear “blue-shifted”
circumstellar component
in the Rb-rich star IRAS
06300+6058.

IRAS05098-6422

IRAS18429-1721

IRAS06300+6058

IRAS19059-2219
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The expansion velocities derived from the

OH masers can also be taken as an additional

distance-independent mass indicator (20, 21).

Despite the relatively large uncertainties in-

volved, the Rb abundances were found to show

a very nice correlation with the OH expansion

velocities (Fig. 2). This correlation seems to

confirm that the efficiency of the 22Ne neutron

source is directly correlated with the stellar mass

as a consequence of the higher temperature

achieved in the He intershell during the con-

vective thermal pulses, as predicted by the mod-

els (11–13). In Fig. 2 we can clearly distinguish

two groups of stars. Those stars in the sample

with vexp(OH) below 6 km s–1 were identified as

non-HBB AGBs (< 4 to 5 M☉) displaying

relatively low Rb enhancements; whereas those

with vexp(OH) greater than 6 km s–1 are sug-

gested to be more massive AGB stars (> 4 to

5 M☉) experiencing HBB (8). Indeed, the more

extreme stars in our sample, showing the larger

Rb enhancements, must represent a class of even

higher-mass stars (~6 to 8M☉). In particular, the

extremely Rb-rich star IRAS 19059-2219 is

probably the most massive AGB star in our

sample, with [Rb/Fe] = +2.6 dex.

The strong Rb overabundances observed,

coupled with the lack of strong Zr enhancements

in these stars (8), are certainly not predicted by

current theoretical models, which usually do not

consider stars in this very high mass range, nor

do thesemodels take into account the very strong

mass loss rates that these stars experience during

the TP-AGB phase. The above results thus

challenge our understanding of the late stages

of the evolution of intermediate-mass stars.

Remarkably, Rb was found not to be over-

abundant in the few O-rich massive AGB stars

previously studied in the Magellanic Clouds (6),

contrary to the galactic O-rich AGB stars studied

here. The luminous O-rich AGBs of the Mag-

ellanic Clouds, in fact, may constitute a sample

of stars less massive than the present one, in

which the temperature for HBB at the bottom of

the convective layers is reached more easily than

in the galactic population of AGB stars con-

sidered here. Because of their lower metallicity

(22), they would develop lower temperatures

during the helium thermal pulse, and thus would

activate only the 13C(a,n)16O neutron chain. The

dependence of Rb production and the efficiency

of the 22Ne neutron source on parameters such

as metallicity and mass loss rate should be fully

investigated in the future.

Our work also has implications for meteor-

itics. If the radioactive chronometer 87Rb is

strongly overproduced by the activation of

the 22Ne neutron source in HBB AGB stars, the

overall nucleosynthesis of this isotope in the

galaxy may be significantly affected. Huge

amounts of Rb-rich processed material can be

transferred to the ISM by massive AGB stars,

with relevant implications for the Rb primeval

solar nebula abundance. Radioactive dating

studies of primitive chondrites assume that

the initial conditions are known and that the

oldest components of chondrites (calcium- and

aluminum-rich inclusions) evolved without ex-

ternal exchange of 87Rb and 87Sr, but our data

suggest that the initial 87Rb/87Sr ratio may have

been altered by a nearby population of massive

AGB stars during the early evolution of our solar

system. The presence of these stars in the vicinity

of the Sun is also supported by the identification

of a few oxide presolar grains for which an

intermediate-mass AGB origin has been deter-

mined (23, 24). In such an environment, it is very

unlikely that a Rb/Sr chondritic ratio could be

maintained constant in the protoplanetary disk for

the time span in which chondritic meteorites

formed, as previously suggested (25). Conse-

quently, the 87Rb/87Sr ratio measured in primitive

meteorites should be considered only a qualitative

measure of antiquity, as was previously pointed

out from studies of refractory inclusions in the

Allende meteorite (26).
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We developed a simple approach to combine broad classes of dissimilar materials into
heterogeneously integrated electronic systems with two- or three-dimensional layouts. The process
begins with the synthesis of different semiconductor nanomaterials, such as single-walled carbon
nanotubes and single-crystal micro- and nanoscale wires and ribbons of gallium nitride, silicon,
and gallium arsenide on separate substrates. Repeated application of an additive, transfer printing
process that uses soft stamps with these substrates as donors, followed by device and interconnect
formation, yields high-performance heterogeneously integrated electronics that incorporate any
combination of semiconductor nanomaterials on rigid or flexible device substrates. This versatile
methodology can produce a wide range of unusual electronic systems that would be impossible to
achieve with other techniques.

M
any existing and emerging electronic

devices benefit from the heteroge-

neous integration of dissimilar classes

of semiconductors into single systems, in either

two-dimensional (2D) or 3D layouts (1, 2). Ex-

amples include multifunctional radio-frequency

communication devices, infrared imaging cam-

eras, addressable sensor arrays, and hybrid sili-

con complementary metal oxide semiconductor

(CMOS) circuits and nanowire devices (3–7).

In some representative systems, compound semi-

conductors or other materials provide high-speed

operation, efficient photodetection, or sensing

capabilities; the silicon CMOS provides digital

readout and signal processing in circuits that of-

ten involve stacked 3D configurations.Wafer- or

chip-scale bonding (1, 2, 6, 8–10) and epitaxial

growth (3, 11, 12) represent the two most widely

used methods for achieving these types of

integrated systems.

The bonding processes use fusion processes

(8, 9) or layers of adhesives (6, 10) to combine

integrated circuits, photodiodes, or sensors

formed separately on different semiconductor

wafers. This approach works well in many

cases, but it has important drawbacks (1, 9),

including (i) limited ability to scale to large

areas (i.e., larger than the wafers) or to more

than a few layers in the third (i.e., stacking)

dimension; (ii) incompatibility with unusual

materials (such as nanostructured materials)

and/or low-temperature materials and substrates;

(iii) challenging fabrication and alignment for

the through-wafer electrical interconnects; (iv)

demanding requirements for planar bonding

surfaces; and (v) bowing and cracking that can

occur from mechanical strains generated by

differential thermal expansion and contraction

of disparate materials. Epitaxial growth provides

a different approach, which uses molecular

beam epitaxy or other means to form thin layers

of semiconductor materials directly on the

surfaces of wafers of other materials. Although

this method avoids some of the aforementioned

problems, the requirements for epitaxy place

severe restrictions on the quality and type of

materials that can be grown, even when buffer

layers and other advanced techniques are used

(1, 13).

By contrast, nanoscale wires, ribbons, mem-

branes, or particles of inorganic materials, or

carbon-based systems such as single-walled

carbon nanotubes (SWNTs) or graphene sheets

(14–17), can be grown and then suspended in

solvents or transferred onto substrates in a

manner that bypasses the need for epitaxial

growth or wafer bonding. Recent work has

shown the integration of isolated crossed nano-

wire diodes in 2D layouts formed by solution

casting (18). Our results show how dissimilar

single-crystal inorganic semiconductors (such

as micro- and nanoscale wires and ribbons of

GaN, Si, and GaAs) can be combined with one

another and also with other classes of nano-

materials (such as SWNTs) with the use of a

scalable and deterministic printing method to

yield complex, heterogeneously integrated

electronic systems in 2D or 3D layouts. The

capabilities of this process are demonstrated by

ultrathin multilayer stacks of high-performance

metal oxide semiconductor field-effect transis-

tors (MOSFETs), high electron mobility tran-

sistors (HEMTs), thin-film transistors (TFTs),

photodiodes, and other components that are

integrated into device arrays, logic gates, and

actively addressable photodetectors on rigid

inorganic and flexible plastic substrates.

Figure 1 illustrates representative steps for

producing these types of systems. The process

begins with the synthesis of the semiconductor

nanomaterials, each on their own source sub-

strate. The devices shown in Fig. 1 allowmicro-

and nanoscale wires and ribbons of single-

crystalline GaN, GaAs, and Si that were formed

with the use of wafer-based source materials

and lithographic etching procedures (19–23) to

be integrated with each other or with networks

of SWNTs that were grown by chemical vapor

deposition (16, 23). Scanning electron micro-

graphs at the top of Fig. 1 show these

semiconductor nanomaterials after their removal

from the source substrates. For circuit fabrica-
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tion, these elements remain in the configurations

defined on the wafers during the fabrication or

growth stage: aligned arrays in the case of theGaN,

GaAs, and Simaterials, and submonolayer random

networks for the SWNTs. High-temperature dop-

ing and annealing procedures for ohmic contacts

to the GaN, GaAs, and Si can be performed on

the source substrates.

The next step involves transferring these

processed elements, with the use of an elasto-

meric stamp–based printing technique (19),

from the source substrates to a device substrate,

such as a sheet of polyimide (PI) (Fig. 1). In

particular, laminating a stamp of polydimethyl-

siloxane against the source substrate establishes

soft, van der Waals adhesion contacts to the

semiconductor nanomaterial elements. We con-

tacted the “inked” stamp to a device substrate

(such as a PI sheet) with a thin, spin-cast layer

of a liquid prepolymer (such as polyamic acid)

on its surface and then cured the polymer,

which left these semiconductor materials

embedded on and well adhered to this layer

(19–22) when the stamp was removed. Similar

procedures work well with a range of substrates

(i.e., rigid or flexible and organic or inorganic)

and semiconductor nanomaterials. We used a

slightly modified version of this process for the

SWNT devices (23). The thickness of the inter-

layer (PI in this case) can be as small as 500 nm

and was typically 1 to 1.5 mm for the systems we

describe.

After some additional processing—including

deposition and patterning of gate dielectrics,

electrodes, and interconnects—the transfer

printing and device fabrication steps can be re-

peated, beginning with spin-coating a new pre-

polymer interlayer on top of the previously

completed circuit level. Automated stages spe-

cially designed for transfer printing or conven-

tional mask aligners enable overlay registration

accuracy of ~2 mm over several square centi-

meters (fig. S1). The spatial distortions asso-

ciated with the printing had a mean value of

~0.5 mm (fig. S2). The yields for printing of Si,

SWNT, GaAs, and GaN were >99%, >99%,

>95%, and >85%, respectively. Defects in these

last two cases were associated with fracture and

impartial transfer for the relatively wide GaAs

ribbons and relatively thick GaN bars, respec-

tively (fig. S3). Layer-to-layer interconnects

(24) were formed simply by evaporating metal

lines over and into openings in the interlayers

defined by photopatterning and/or dry etching.

This fabrication approach has several im-

portant features. First, all of the processing on

the device substrate occurs at low temperatures,

thereby avoiding differential thermal expansion

and shrinkage effects that can result in un-

wanted deformations in multilayer stacked sys-

tems. This operation also enables the use of

low-temperature plastic substrates and inter-

layer materials, and it helps to ensure that

underlying circuit layers are not thermally de-

graded by the processing of overlying devices.

Second, the method is applicable to broad

classes of semiconductor nanomaterials, includ-

ing emerging materials such as SWNTs. Third,

the soft stamps enable nondestructive contacts

with underlying device layers; these stamps,

together with the ultrathin semiconductor ma-

terials, can also tolerate surfaces that have some

topography. Fourth, the ultrathin device geom-

etries and interlayers allow easy formation of

layer-to-layer electrical interconnects by direct

metallization over the device structure. These

features overcome many of the disadvantages

of conventional approaches.

Figure 2 presents three-layer, 3D stacks of

arrays of Si MOSFETs fabricated by the general

process flow shown in Fig. 1. We used single-

crystalline silicon nanoribbons with doped

contacts (formed on the source wafer), SiO2

dielectrics formed by plasma-enhanced chemi-

cal vapor deposition, and Cr/Au metallization

for the source, drain, and gate electrodes (25).

Each device uses three aligned nanoribbons,

each with length L = 250 mm, widthW = 87 mm,

and thickness = 290 nm. Figure 2A shows an

optical micrograph of an edge of the system; the

layout of the system was designed to reveal

separately the parts of the substrate that sup-

port one, two, and three layers of MOSFETs.

A 90° rotation of the device geometry for the

second layer, relative to the first and third,

helps to clarify the layout of the system. Sche-

matic cross-sectional and angled views of the

stacked structure are shown in Fig. 2B. The

sample can be viewed in 3D using confocal

optical microscopy. Figure 2C shows top and

angled views of such images. (The image qual-

ity degrades somewhat with depth because of

scattering and absorption from the upper layers).

Figure 2D presents electrical measurements of

representative devices in each layer. Devices on

Fig. 2. (A) Optical micrograph view of the top
of a 3D multilayer stack of arrays of single-crystal
silicon MOSFETs that use printed silicon nano-
ribbons for the semiconductor. The bottom (1st),
middle (2nd), and top (3rd) parts of this image
correspond to regions with one, two, and three
layers of devices, respectively. (B) Schematic cross-
sectional (top) and angled (bottom) views. S, D,
and G refer to source, drain, and gate electrodes
(all shown in gold), respectively. The light and dark
blue regions correspond to doped and undoped
regions of the silicon ribbons; the purple layer is
the SiO2 gate dielectric. (C) 3D images (left, top
view; right, angled view) collected by confocal
microscopy on a device substrate similar to that
shown in (A) and (B). The layers are colorized (gold,
top layer; red, middle layer; blue, bottom layer;
silicon, gray) for ease of viewing. (D) Current-
voltage characteristics of Si MOSFETs in each of the
layers, showing excellent performance (mobilities
of 470 ± 30 cm2/Vs) and good uniformity in the
properties. The channel lengths and widths are 19
and 200 mm, respectively. The overlap lengths, as
defined by distance that the gate electrode ex-
tends over the doped source and drain regions,
are 5.5 mm. IDS, drain current; VGS, bias voltage;
VDS, drain voltage.

Fig. 1. Schematic illustration of a printed semi-
conductor nanomaterials–based approach to
heterogeneous 3D electronics. The process in-
volves the repetitive transfer printing of col-
lections of nanotubes, nanowires, nanoribbons,
or other active nanomaterials, separately formed
on source substrates, to a common device sub-
strate to generate interconnected electronics
in ultrathin, multilayer stack geometries. HGI,
heterogeneous integration.
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each of the three layers, which are formed on

a PI substrate, show excellent properties with

linear mobilities of 470 ± 30 cm2/Vs (where the

error is SD), on/off ratios greater than 104, and

threshold voltages of –0.1 ± 0.2 V; there are no

systematic differences between devices in dif-

ferent layers. Additional layers can be added

to this system by repeating the same proce-

dures. To investigate issues related to mis-

matches in coefficients of thermal expansion

in these systems, we evaluated the behavior of

the devices under thermal cycling (60 times)

between room temperature and 90°C. Small

changes were observed for the first few cycles

followed by stable behavior (fig. S9).

In addition to 3D circuits with a single semi-

conductor, Fig. 3 illustrates that the capability

to combine various semiconductors can be used

in multiple layers. We fabricated arrays of

HEMTs, MOSFETs, and TFTs—with the use

of GaN bars, Si nanoribbons, and SWNT films,

respectively, on PI substrates. Figure 3, A and

B, shows high-magnification optical and con-

focal images, respectively, of the resulting

devices. The GaN HEMTs on the first layer

use ohmic contacts (Ti/Al/Mo/Au, annealed on

the source wafer) for the source and drain, and

Schottky (Ni/Au) contacts for the gates. Each

device uses GaN ribbons (composed of multi-

layer stacks of AlGaN/GaN/AlN) intercon-

nected electrically by processing on the device

substrate. The SWNT TFTs on the second layer

use SiO2 and epoxy for the gate dielectric and

Cr/Au for the source, drain, and gate. The Si

MOSFETs use the same design as those shown

in Fig. 2. Various other devices can be con-

structed with different combinations of Si,

SWNT, and GaN (figs. S4 and S5). Figure 3C

presents the current-voltage characteristics of

typical devices in the systems of Fig. 3, A and

B. In all cases, the properties are similar to those

fabricated on the source wafers: The GaN

HEMTs have threshold voltages (Vth) of –2.4 ±

0.2 V, on/off ratios greater than 106, and trans-

conductances of 0.6 ± 0.5 mS; the SWNT TFTs

have Vth = –5.3 ± 1.5 V, on/off ratios greater than

105, and linear mobilities of 5.9 ± 2.0 cm2/Vs;

and the Si MOSFETs have Vth = 0.2 ± 0.3 V,

on/off ratios greater than 104, and linear mobil-

ities of 500 ± 30 cm2/Vs.

Another interesting aspect of these devices,

which follows from the use of thin PI substrates

(25 mm), devices (<1.7 mm), and PI interlayers

(1.5 mm), is their mechanical bendability. This

characteristic is important for applications in

flexible electronics, for which these systems

might provide attractive alternatives because

of their enhanced capabilities compared with

those of conventional organic-based devices.

We evaluated the effective transconductance

(geff) for the Si, SWNT, and GaN devices in the

system of Fig. 3A as a function of bend radius.

Figure 3D, which shows these data normalized

to the transconductance in the unbent state

(g0eff), demonstrates the stable performance for

bend radii down to 3.7 mm. To explore the

response of devices to operation under various

conditions, such as repeated bending and elec-

trical testing, we carried out two sets of exper-

iments. Repeated bending (up to 2000 cycles)

resulted in no substantial change in the prop-

erties of the devices (fig. S8). Repeated elec-

trical testing showed stable responses (~10%

changes in properties, or less) (fig. S11). Figures

S12 to S15 present information on variation in

device properties.

Electrical interconnections formed between

different levels in these devices can create

Fig. 4. (A) Image of a printed array of 3D silicon
n-channel metal oxide semiconductor inverters on
a PI substrate. The inverters consist of MOSFETs
(channel lengths of 4 mm, load-to-driver width
ratio of 6.7, and a driver width of 200 mm) on two
different levels, interconnected by electrical via
structures. The image on the top right provides a
magnified view of the region indicated by the red
box in the left frame. The graph on the bottom
right shows transfer characteristics of a typical
inverter. (B) Transfer characteristics of a printed
complementary inverter that uses a p-channel
SWNT TFT (channel length and width of 30 and
200 mm, respectively) and an n-channel Si MOSFET
(channel length and width of 75 and 50 mm,
respectively). The insets provide an optical micro-
graph of an inverter (left) and a circuit schematic
(right). (C) Current-voltage response of a GaAs
MSM (channel length and width of 10 and 100 mm,
respectively) integrated with a Si MOSFET (channel
length and width of 9 and 200 mm, respectively) at
different levels of illumination from dark to 11 mW
with an infrared light source at 850 nm. The insets
show an optical image (left) and a circuit diagram
(right). gnd, ground.

Fig. 3. (A) Optical micrograph of 3D heteroge-
neously integrated electronic devices, including
GaN nanoribbon HEMTs, Si nanoribbon MOSFETs,
and SWNT network TFTs, in a three-layer stack. (B)
3D image collected by confocal microscopy. The
layers are colorized (gold: top layer, Si MOSFETs;
red: middle layer, SWNT TFTs; pink: bottom layer)
for ease of viewing. (C) Electrical characteristics of
GaN devices on the first layer (channel lengths,
widths and gate widths of 20, 170, and 5 mm,
respectively, and ribbon thicknesses, widths, and
lengths of 1.2, 10, and 150 mm, respectively),
SWNT devices on the second layer (channel lengths
and widths of 50 and 200 mm, respectively, and
average tube diameters and lengths of ~1.5 nm
and ~10 mm, respectively), and Si devices on the
third layer (channel lengths and widths of 19 and
200 mm, respectively). (D) (Left) Normalized trans-
conductances (gm/g0m) of devices in each layer
(black squares, Si MOSFETs; red circles, SWNT TFTs;
green triangles, GaN HEMTs) as a function of bend-
ing radius of the plastic substrate. T, tension; C,
compression. (Right) Image of the bent system and
probing apparatus.
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interesting circuit capabilities. The thin polymer

interlayers allow robust interconnects to be

formed easily by evaporating metal lines over

lithographically defined openings. Thermal

cycling tests showed no changes in their

properties (fig. S10). Figure 4A shows a 3D

n-channel metal oxide semiconductor inverter

(logic gate) in which the drive (L = 4 mm, W =

200 mm) and load (L = 4 mm, W = 30 mm) Si

MOSFETs are on different levels. With a sup-

ply voltage of 5 V, this double-layer inverter

exhibits well-defined transfer characteristics

with gains of ~2, comparable to the perform-

ance of conventional planar inverters that use

similar transistors. Figure 4B shows an inverter

with a complementary design (CMOS) with the

use of integrated n-channel Si MOSFETs and

p-channel SWNT TFTs, designed to equalize

the current-driving capability in both pull-up

and pull-down directions. Transfer curves col-

lected with a supply voltage (VDD) of 5 V and

gate voltage (input) swept from 0 to 5 V ap-

pear in Fig. 4B. The curve shapes and gains

(as high as ~7) are qualitatively consistent

with numerical circuit simulations (fig. S6).

As a third example, we built GaAs metal-

semiconductor-metal (MSM) infrared detectors

(26), integrated with Si MOSFETs on flexible PI

substrates, to demonstrate a capability for fab-

ricating unit cells that could be used in active

infrared imagers. In this case, printed nano-

ribbons of GaAs (L = 400 mm,W = 100 mm, and

thickness = 270 nm) transferred onto a substrate

with a printed array of Si nanoribbon MOSFETs

form the basis of the MSMs. Electrodes (Ti/Au)

deposited on the ends of these GaAs nanoribbons

form back-to-back Schottky diodes with sepa-

rations of 10 mm. The resulting detector cells

exhibit current enhancement as the intensity of

infrared illumination increases (Fig. 4C), con-

sistent with circuit simulation (fig. S7). A re-

sponsivity of about 0.30 A/W at the 850-nm

wavelength is observed from 1 to 5 V. (This value

underestimates the true responsivity because it

ignores optical reflection). The bendability of this

system, which is comparable to that of the devices

in Fig. 3, could be useful for advanced systems

such as curved focal plane arrays for wide-angle

infrared night vision imagers.

Printed semiconductor nanomaterials provide

new approaches to 3D heterogeneously integrated

systems that could be important in various fields

of application, including not only those suggested

by the systems reported here but also others such

as microfluidic devices with integrated electron-

ics, chemical and biological sensor systems that

incorporate unusual materials with conventional

silicon-based electronics, and photonic and

optoelectronic systems that combine light emit-

ters and detectors of compound semiconductor

with silicon drive electronics or microelectro-

mechanical structures. Furthermore, the compat-

ibility of this approach with thin, lightweight

plastic substrates may create additional oppor-

tunities for devices that have unusual form

factors or mechanical flexibility as key features.
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We show that the quantum spin Hall (QSH) effect, a state of matter with topological properties
distinct from those of conventional insulators, can be realized in mercury telluride–cadmium
telluride semiconductor quantum wells. When the thickness of the quantum well is varied, the
electronic state changes from a normal to an “inverted” type at a critical thickness dc. We show that
this transition is a topological quantum phase transition between a conventional insulating phase
and a phase exhibiting the QSH effect with a single pair of helical edge states. We also discuss
methods for experimental detection of the QSH effect.

T
he spin Hall effect (1–5) has recently at-

tracted great attention in condensed mat-

ter physics, not only for its fundamental

scientific importance but also because of its

potential application in semiconductor spin-

tronics. In particular, the intrinsic spin Hall effect

promises the possibility of designing the intrinsic

electronic properties of materials so that the effect

can be maximized. On the basis of this line of

reasoning, it was shown (6) that the intrinsic spin

Hall effect can in principle exist in band in-

sulators, where the spin current can flow without

dissipation. Motivated by this suggestion, re-

searchers have proposed the quantum spin Hall

(QSH) effect for graphene (7) as well as for

semiconductors (8, 9), where the spin current is

carried entirely by the helical edge states in two-

dimensional samples.

Time-reversal symmetry plays an important

role in the dynamics of the helical edge states

(10–12). When there is an even number of pairs

of helical states at each edge, impurity scattering

or many-body interactions can open a gap at the

edge and render the system topologically trivial.

However, when there is an odd number of pairs

of helical states at each edge, these effects can-

not open a gap unless time-reversal symmetry is
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spontaneously broken at the edge. The stability

of the helical edge states has been confirmed in

extensive numerical calculations (13, 14). The

time-reversal property leads to the Z2 classifica-

tion (10) of the QSH state.

States of matter can be classified according

to their topological properties. For example,

the integer quantum Hall effect is characterized

by a topological integer n (15), which deter-

mines the quantized value of the Hall con-

ductance and the number of chiral edge states.

It is invariant under smooth distortions of the

Hamiltonian, as long as the energy gap does

not collapse. Similarly, the number of helical

edge states, defined modulo 2, of the QSH state

is also invariant under topologically smooth

distortions of the Hamiltonian. Therefore, the

QSH state is a topologically distinct new state

of matter, in the same sense as the charge

quantum Hall effect.

Unfortunately, the initial proposal of the

QSH in graphene (7) was later shown to be

unrealistic (16, 17), as the gap opened by the

spin-orbit interaction turns out to be extremely

small, on the order of 10−3 meV. There are also

no immediate experimental systems available

for the proposals in (8, 18). Here, we present

theoretical investigations of the type III semi-

conductor quantum wells, and we show that the

QSH state should be realized in the “inverted”

regime where the well thickness d is greater

than a certain critical thickness dc. On the basis

of general symmetry considerations and the

standard band perturbation theory for semi-

conductors, also called k · p theory (19), we

show that the electronic states near the Γ point

are described by the relativistic Dirac equation in

2 + 1 dimensions. At the quantum phase

transition at d = dc, the mass term in the Dirac

equation changes sign, leading to two distinct U

(1)-spin and Z2 topological numbers on either

side of the transition. Generally, knowledge of

electronic states near one point of the Brillouin

zone is insufficient to determine the topology of

the entire system; however, it does allow robust

and reliable predictions on the change of

topological quantum numbers. The fortunate

presence of a gap-closing transition in the HgTe-

CdTe quantum wells therefore makes our theoret-

ical prediction of the QSH state conclusive.

The potential importance of inverted band-

gap semiconductors such as HgTe for the spin

Hall effect was pointed out in (6, 9). The central

feature of the type III quantum wells is band

inversion: The barrier material (e.g., CdTe) has a

normal band progression, with the s-type Γ6

band lying above the p-type Γ8 band, and the

well material (HgTe) having an inverted band

progression whereby the Γ6 band lies below the

Γ8 band. In both of these materials, the gap is

smallest near the Γ point in the Brillouin zone

(Fig. 1). In our discussion we neglect the bulk

split-off Γ7 band, as it has negligible effects on

the band structure (20, 21). Therefore, we re-

strict ourselves to a six-band model, and we start

with the following six basic atomic states per

unit cell combined into a six-component spinor:

Y ¼ jΓ6,
1
2〉, jΓ6, −

1
2〉, jΓ8,

3
2〉,=

���
jΓ8,

1
2〉, jΓ8, −

1
2〉, jΓ8, −

3
2〉=
���

ð1Þ

In quantum wells grown in the [001] direc-

tion, the cubic or spherical symmetry is broken

down to the axial rotation symmetry in the plane.

These six bands combine to form the spin-up

and spin-down (±) states of three quantum well

subbands: E1, H1, and L1 (21). The L1 subband

is separated from the other two (21), and we

neglect it, leaving an effective four-band model.

At the Γ point with in-plane momentum k|| =

0, mJ is still a good quantum number. At this

point the |E1, mJ〉 quantum well subband state

is formed from the linear combination of the

|Γ6, mJ = ±1 2= 〉 and |Γ8, mJ = ±1 2= 〉 states, while

the |H1, mJ〉 quantum well subband state is

formed from the |Γ8, mJ = ± 3
2= 〉 states. Away

from the Γ point, the E1 and H1 states can mix.

Because the |Γ6, mJ = ±1 2= 〉 state has even par-

ity, whereas the |Γ8, mJ = ±3
2= 〉 state has odd

parity under two-dimensional spatial reflection,

the coupling matrix element between these two

states must be an odd function of the in-plane

momentum k. From these symmetry consid-

erations, we deduce the general form of the ef-

fective Hamiltonian for the E1 and H1 states,

expressed in the basis of |E1, mJ = 1
2= 〉, |H1,

mJ =
3
2= 〉 and |E1,mJ = –

1
2= 〉, |H1,mJ = –

3
2= 〉:

Heff ðkx, kyÞ ¼
HðkÞ 0

0 H*ð−kÞ

� �
,

HðkÞ ¼ eðkÞ þ diðkÞsi ð2Þ

where si are the Pauli matrices. The form of

H*(−k) in the lower block is determined from

time-reversal symmetry, and H*(−k) is uni-

tarily equivalent to H*(k) for this system (22).

If inversion symmetry and axial symmetry

around the growth axis are not broken, then

the interblock matrix elements vanish, as

presented.

We see that, to the lowest order in k, the

Hamiltonian matrix decomposes into 2 × 2

blocks. From the symmetry arguments given

above, we deduce that d3(k) is an even function

of k, whereas d1(k) and d2(k) are odd functions

of k. Therefore, we can generally expand them

in the following form:

d1 þ id2 ¼ Aðkx þ ikyÞ ≡ Akþ

d3 ¼ M − Bðk2
x
þ k

2
y
Þ, eðkÞ ¼ C − Dðk2

x
þ k

2
y
Þ

ð3Þ

where A, B, C, and D are expansion parameters

that depend on the heterostructure. The

Hamiltonian in the 2 × 2 subspace therefore

takes the form of the (2 + 1)-dimensional Dirac

Hamiltonian, plus an e(k) term that drops out

in the quantum Hall response. The most im-

portant quantity is the mass or gap parameter

M, which is the energy difference between the

E1 and H1 levels at the Γ point. The overall

constant C sets the zero of energy to be the

top of the valence band of bulk HgTe. In a

quantum well geometry, the band inversion in

HgTe necessarily leads to a level crossing at

some critical thickness dc of the HgTe layer.

For thickness d < dc (i.e., for a thin HgTe

Fig. 1. (A) Bulk energy
bands of HgTe and CdTe
near the G point. (B)
The CdTe-HgTe-CdTe
quantum well in the
normal regime E1 > H1
with d < dc and in the
inverted regime H1 >
E1 with d > dc. In this
and other figures, G8/H1
symmetry is indicated in
red and G6/E1 symmetry
is indicated in blue.
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layer), the quantum well is in the “normal”

regime, where the CdTe is predominant and

hence the band energies at the Γ point satisfy

E(Γ6) > E(Γ8). For d > dc, the HgTe layer is

thick and the well is in the inverted regime,

where HgTe dominates and E(Γ6) < E(Γ8). As

we vary the thickness of the well, the E1 and

H1 bands must therefore cross at some dc, and

M changes sign between the two sides of the

transition (Fig. 2, A and B). Detailed cal-

culations show that, close to transition point,

the E1 and H1 bands—both doubly degenerate

in their spin quantum number—are far away in

energy from any other bands (21), hence

making an effective Hamiltonian description

possible. Indeed, the form of the effective Dirac

Hamiltonian and the sign change of M at d = dc

for the HgTe-CdTe quantum wells deduced

above from general arguments is already

completely sufficient to conclude the existence

of the QSH state in this system. For the sake of

completeness, we also provide the microscopic

derivation directly from the Kane model using

realistic material parameters (22).

Figure 2A shows the energies of both the E1

and H1 bands at k|| = 0 as a function of quantum

well thickness d obtained from our analytical

solutions. At d = dc ~ 64 Å, these bands cross.

Our analytic results are in excellent qualitative

and quantitative agreement with previous nu-

merical calculations for the band structure of

Hg1−xCdxTe-HgTe-Hg1−xCdxTe quantum wells

(20, 21). We also observe that for quantum

wells of thickness 40 Å < d < 70 Å, close to

dc, the E1± and H1± bands are separated from

all other bands by more than 30 meV (21).

Let us now define an ordered set of four

six-component basis vectors y1, ..., 4 = (|E1, +〉,

|H1, +〉, |E1, −〉, |H1, −〉) and obtain the

Hamiltonian at nonzero in-plane momentum

in perturbation theory. We can write the

effective 4 × 4 Hamiltonian for the E1±, H1±

bands as

H
eff
ij
ðkx, kyÞ ¼

Z∞

−∞

dz〈yjjHðkx, ky, −i∂zÞjyi〉

ð4Þ

whereH(kx, ky, −i∂z) is the six-band Kane model

(19). The form of the effective Hamiltonian is

severely constrained by symmetry with respect

to z. Each band has a definite z symmetry or

antisymmetry, and vanishing matrix elements

between them can be easily identified. For

example,

H
eff
23 ¼

1ffiffiffi
6

p Pkþ

Z∞

−∞

dz〈Γ6,þ
1
2ðzÞjΓ8, −

1
2ðzÞ〉=

�

ð5Þ

where P is the Kane matrix element (19),

vanishes because |Γ6, +
1

2= 〉(z) is even in z, where-

as |Γ8, −
1

2= 〉(z) is odd. The procedure yields

exactly the form of the effective Hamiltonian

(Eq. 2), as we anticipated from the general

symmetry arguments, with the coupling func-

tions taking exactly the form of Eq. 3. The dis-

persion relations (22) have been checked to be in

agreement with prior numerical results (20, 21).

We note that for k ∈ [0, 0.01 Å−1] the dispersion

relation is dominated by the Dirac linear terms.

The numerical values for the coefficients depend

on the thickness, and values at d = 58 Å and d =

70 Å are given in (22).

Having presented the realistic k · p calcula-

tion starting from the microscopic six-band

Kane model, we now introduce a simplified

tight-binding model for the E1 and H1 states

based on their symmetry properties. We con-

sider a square lattice with four states per unit

cell. The E1 states are described by the s-orbital

states y1,3 = |s,a = ± 1
2= 〉, and the H1 states are

described by the spin-orbit coupled p-orbital

states y2,4 = ±(1/
ffiffiffi
2

p
)|px ± ipy, a = ±1

2= 〉, where

a denotes the electron spin. Nearest-neighbor

coupling between these states gives the tight-

Fig. 2. (A) Energy of E1 (blue) and H1 (red) bands at k|| = 0 versus quantum well thickness d. (B)
Energy dispersion relations E(kx,ky) of the E1 and H1 subbands at d = 40, 63.5, and 70 Å (from left
to right). Colored shading indicates the symmetry type of the band at that k point. Places where the
cones are more red indicate that the dominant state is H1 at that point; places where they are more
blue indicate that the dominant state is E1. Purple shading is a region where the states are more
evenly mixed. At 40 Å, the lower band is dominantly H1 and the upper band is dominantly E1. At
63.5 Å, the bands are evenly mixed near the band crossing and retain their d < dc behavior moving
farther out in k-space. At 70 Å, the regions near k|| = 0 have flipped their character but eventually
revert back to the d < dc farther out in k-space. Only this dispersion shows the meron structure (red
and blue in the same band). (C) Schematic meron configurations representing the di(k) vector near
the G point. The shading of the merons has the same meaning as the dispersion relations above.
The change in meron number across the transition is exactly equal to 1, leading to a quantum jump
of the spin Hall conductance s(s)xy = 2e2/h. We measure all Hall conductances in electrical units. All
of these plots are for Hg0.32Cd0.68Te-HgTe quantum wells.
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binding Hamiltonian of the form of Eq. 2, with

the matrix elements given by

d1 þ id2 ¼ A½sinðkxÞ þ i sinðkyÞ�

d3 ¼ −2B½2 − ðM=2BÞ − cosðkxÞ − cosðkyÞ�

eðkÞ ¼ C − 2D½2 − cosðkxÞ − cosðkyÞ� ð6Þ

The tight-binding lattice model simply reduces

to the continuum model Eq. 2 when expanded

around the Γ point. The tight-binding calcula-

tion serves dual purposes. For readers un-

initiated in the Kane model and k · p theory,

this gives a simple and intuitive derivation of

our effective Hamiltonian that captures all the

essential symmetries and topology. On the other

hand, it also introduces a short-distance cutoff

so that the topological quantities can be well

defined.

Within each 2 × 2 subblock, the Hamiltonian

is of the general form studied in (9), in the

context of the quantum anomalous Hall effect,

where the Hall conductance is given by

sxy ¼ −

1

8p2

ZZ
dkxdkyd̂ ˙ ∂xd̂ � ∂yd̂ ð7Þ

in units of e2/h (the square of the charge on the

electron divided by the Planck constant), where

d̂ denotes the unit di(k) vector introduced in the

Hamiltonian Eq. 2. When integrated over the

full Brillouin zone, sxy is quantized to take

integer values that measure the skyrmion num-

ber, or the number of times the unit d̂ winds

around the unit sphere over the Brillouin zone

torus. The topological structure can be best

visualized by plotting d̂ as a function of k. In a

skyrmion with a unit of topological charge, the

d̂ vector points to the north (or the south) pole

at the origin, points to the south (or the north)

pole at the zone boundary, and winds around the

equatorial plane in the middle region.

Substituting the continuum expression for

the di(k) vector as given in Eq. 3, and cutting off

the integral at some finite point in momentum

space, one obtains sxy =
1

2= sign (M), which is a

well-known result in field theory (23). In the

continuum model, the d̂ vector takes the con-

figuration of a meron, or half of a skyrmion,

where it points to the north (or the south) pole at

the origin and winds around the equator at the

boundary. As the meron is half of a skyrmion,

the integral Eq. 7 gives ±1
2= . The meron

configuration of di(k) is depicted in Fig. 2, B

and C. In a noninteracting system, half-integral

Hall conductance is not possible, which means

that other points from the Brillouin zone must

either cancel or add to this contribution so that

the total Hall conductance becomes an integer.

The fermion-doubled partner (24) of our low-

energy fermion near the Γ point lies in the

higher-energy spectrum of the lattice and

contributes to the total sxy. Therefore, our

effective Hamiltonian near the Γ point cannot

yield a precise determination of the Hall

conductance for the whole system. However, as

one changes the quantumwell thickness d across

dc, M changes sign and the gap closes at the Γ

point, leading to a vanishing di(k = 0) vector at

the transition point d = dc. The sign change ofM

leads to a well-defined change of the Hall

conductance Dsxy = 1 across the transition. As

the di(k) vector is regular at the other parts of the

Brillouin zone, these parts cannot lead to any

discontinuous changes across the transition point

at d = dc.

So far, we have only discussed one 2 × 2

block of the effective Hamiltonian H. General

time-reversal symmetry dictates that sxy(H) =

−sxy(H*); therefore, the total charge Hall

conductance vanishes, and the spin Hall con-

ductance (given by the difference between the

two blocks) is finite and given by Ds
ðsÞ
xy

= 2 in

units of e
2/h. From the general relationship

between the quantized Hall conductance and the

number of edge states (25), we conclude that the

two sides of the phase transition at d = dc must

differ in the number of pairs of helical edge

states by 1, thus concluding our proof that one

side of the transition must be Z2 odd and

topologically distinct from a fully gapped

conventional insulator.

It is desirable to establish which side of the

transition is topologically nontrivial. For this

purpose, we return to the tight-binding model

Eq. 6. The Hall conductance of this model has

been calculated (25) in the context of the

quantum anomalous Hall effect, and previously

in the context of lattice fermion simulation (26).

Besides the Γ point, which becomes gapless at

M/2B = 0, there are three other high-symmetry

points in the Brillouin zone. The (0,p) and (p,0)

points become gapless at M/2B = 2, whereas the

(p,p) point becomes gapless at M/2B = 4.

Therefore, at M/2B = 0, there is only one

gapless Dirac point per 2 × 2 block. This

behavior is qualitatively different from the

Haldane model of graphene (27), which has

two gapless Dirac points in the Brillouin zone.

ForM/2B < 0, sxy = 0; for 0 <M/2B < 2, sxy = 1.

Because this condition is satisfied in the in-

verted gap regime where M/2B = 2.02 ×10−4 at

70 Å (22) and not in the normal regime where

M/2B < 0, we believe that the inverted case is

the topologically nontrivial regime supporting a

QSH state.

We now discuss the experimental detection of

the QSH state. A series of purely electrical

measurements can be used to detect the basic

signature of the QSH state. By sweeping the gate

voltage, one can measure the two-terminal

conductance GLR from the p-doped to bulk-

insulating to n-doped regime (Fig. 3). In the bulk

insulating regime, GLR should vanish at low

temperatures for a normal insulator at d < dc,

whereas GLR should approach a value close to

2e2/h for d > dc. Strikingly, in a six-terminal

measurement, the QSH state would exhibit van-

ishing electric voltage drop between the termi-

nals m1 and m2 and between m3 and m4, in the zero

temperature limit and in the presence of a finite

electric current between the L and R terminals. In

other words, longitudinal resistance should vanish

in the zero temperature limit, with a power-law

dependence, over distances larger than the mean

free path. Because of the absence of back-

scattering, and before spontaneous breaking of

time reversal sets in, the helical edge currents flow

without dissipation, and the voltage drop occurs

only at the drain side of the contact (11). The

vanishing of the longitudinal resistance is one of

the most remarkable manifestations of the QSH

state. Finally, a spin-filtered measurement can be

used to determine the spin Hall conductance sðsÞ
xy
.

Numerical calculations (13) show that it should

take a value close to sðsÞ
xy

= 2e2/h.

Fig. 3. (A) Experimental
setup on a six-terminal
Hall bar showing pairs of
edge states, with spin-up
states in green and spin-
down states in purple. (B)
A two-terminal measure-
ment on a Hall bar would
give GLR close to 2e2/h
contact conductance on
the QSH side of the
transition and zero on
the insulating side. In a
six-terminal measure-
ment, the longitudinal
voltage drops m2 −

m1 and m4 − m3 vanish
on the QSH side with a
power law as the zero
temperature limit is
approached. The spin
Hall conductance s

(s)
xy

has a plateau with the
value close to 2e2/h.
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Constant experimental progress on HgTe

over the past two decades makes the experimen-

tal realization of our proposal possible. The

mobility of the HgTe-CdTe quantum wells has

reached m ~ 6 × 105 cm2 V–1 s–1 (28). Experi-

ments have already confirmed the different char-

acters of the upper band below (E1) and above

(H1) the critical thickness dc (20, 29). The ex-

perimental results are in excellent agreement with

band-structure calculations based on k · p theory.

Our proposed two-terminal and six-terminal elec-

trical measurements can be carried out on existing

samples without radical modification, with sam-

ples of d < dc ≈ 64 Å and d > dc ≈ 64 Å yielding

contrasting results. As a consequence, we believe

that the experimental detection of the QSH state in

HgTe-CdTe quantum wells is possible.
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Photoconductive Coaxial Nanotubes

of Molecularly Connected Electron

Donor and Acceptor Layers
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Controlled self-assembly of a trinitrofluorenone-appended gemini-shaped amphiphilic
hexabenzocoronene selectively formed nanotubes or microfibers with different photochemical
properties. In these nanotubes, which are 16 nanometers in diameter and several micrometers
long, a molecular layer of electron-accepting trinitrofluorenone laminates an electron-donating
graphitic layer of p-stacked hexabenzocoronene. The coaxial nanotubular structure allows
photochemical generation of spatially separated charge carriers and a quick photoconductive
response with a large on/off ratio greater than 104. In sharp contrast, the microfibers consist of a
charge-transfer complex between the hexabenzocoronene and trinitrofluorenone parts and exhibit
almost no photocurrent generation.

A
s exemplified by organic photovoltaic

devices (1–3), heterojunction of electron

donor and acceptor layers at a macro-

scopic level allows for the conversion of light

energy into electrical energy (4, 5). If one can

elaborate a nano-object composed of molecularly

conjugated domains of such a redox couple, the

resultant material is expected to serve as a

nanoscopic energy converter. However, donor

and acceptor molecules tend to stack on one

another, rather than segregate (6–8), giving rise to

charge-transfer (CT) assemblies (9–11), in which

photochemically generated charge carriers are

trapped and readily annihilated through a rapid

recombination. Here we report a coaxial nano-

tubular object formed by controlled self-assembly

of trinitrofluorenone (TNF)–appended hexaben-

zocoronene (HBC) amphiphile 1 (Fig. 1A), in

which a molecular layer of electron-accepting

TNF laminates an electron-donating graphitic

layer of p-stacked HBC (Fig. 2) (12). This

structure creates an extremely wide interface for

the spatially segregated redox couple so that,

upon photoirradiation, the electrical conduction

has a large on/off ratio (>104) that is difficult to

attain with other carbon-based materials (13–15).

Such molecularly engineered photoconductive

materials with a tubular morphology are unusual

and join the few examples of photoconductive

nanostructured assemblies that have been

reported (7, 16).

HBC derivatives with symmetrically substi-

tuted paraffinic side chains form discotic liquid-

crystalline materials that exhibit a hole-transport

capability through their one-dimensional columnar

HBC stacks (5, 17–21). Recently, we have

discovered that gemini-shaped amphiphilic HBCs

(structure 3, Fig. 1A) can self-assemble to form

well-defined nanotubular objects, whose walls

consist of a graphitic layer of p-stacked HBC

and whose inner and outer surfaces are covered

by hydrophilic triethylene glycol (TEG) chains

(22, 23). Upon doping with oxidants, the HBC

graphitic nanotubes become electrically conduc-

tive (22, 24). In the present work, we prepared

HBC-TNF 1 and 2, which bear an electron-

accepting 4,5,7-trinitro-9-fluorenone functionali-

ty (25) at each terminus of either (1) and both (2)

of the TEG chains (Fig. 1A). The energy levels of

the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital

(LUMO) of HBC 3 (22) and TNF 4 (26) (Fig.

1B) were determined by means of square-wave

voltammetry and electronic absorption spectros-

copy (fig. S1) (27). Apparently, photoinduced

electron transfer is energetically possible between

the HBC and TNF functionalities of 1 and 2.

Compounds 1 and 2 were synthesized by

oxidative cyclization of the corresponding hexa-

phenylbenzene precursors with FeCl3 in CH2Cl2/

MeNO2 (27). Both compounds in tetrahydrofuran

(THF) were colored brown, indicating a CT

interaction between the HBC and TNF parts in
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the ground state. Even under high dilution, their

THF solutions displayed broad CT absorption

bands above 500 nm (fig. S2). Because a 1:1

mixture of 3 and 4 under identical conditions to

those in the above-described experiments did not

exhibit such characteristic CT bands, the donor

(HBC) and acceptor (TNF) chromophores in

compounds 1 and 2 most likely interact intramo-

lecularly rather than intermolecularly. Nevertheless,

the CT complexation in THF must be dynamic,

given the subtle difference in electrochemical

potentials of each of the chromophore parts from

the corresponding reference (figs. S1 and S3).

Although HBC 3 not bearing TNF readily self-

assembles in THF to give nanotubes (22), HBC-

TNF 1 and 2 are both highly soluble in THF, and

neither of themwill form ordered assemblies in this

solvent. However, the controlled self-assembly of

1 takes place upon diffusion of amethanol (MeOH)

vapor into a THF solution of 1. Depending on the

initial concentration of 1, either nanotubes or

microfibers with different photochemical properties

selectively formed. When a THF solution of 1 at a

concentration of 0.12mMwas exposed to aMeOH

vapor at 25°C, a yellow suspension resulted (Fig.

3A, inset) (27). However, when the concentration

of 1 in THF was 10 times higher (1.2 mM), the

diffusion of aMeOHvapor produced a dark-brown

precipitate (Fig. 3C, inset) (27).

Scanning electron microscopy (SEM) indicated

that the yellow-colored substance in the former case

(concentration of 1 = 0.12 mM) is composed of

nanotubes that have open-ended hollow spaces

inside (Fig. 3A). Transmission electron microscopy

(TEM) displayed that the nanotubes are several

micrometers long and have uniform diameter and

wall thickness of 16 and 3 nm, respectively (Fig.

3B). This size regime is analogous to that of the

nanotubes formed from 3 (22). On the other hand, as

observed by SEM (Fig. 3C) andTEM (Fig. 3D), the

brown-colored substance that formed in the latter

case (concentration of 1 = 1.2 mM) consists only of

solid microfibers without hollow space, whose

diameters range from 0.2 to 2 mm. Thus, in order

to obtain the nanotubes selectively, the initial con-

centration of 1 for the vapor diffusion should not

be greater than 0.12 mM, otherwise the micro-

fibers form concomitantly with the nanotubes.

The concentration-dependent dual-mode self-

assembly, thus observed for 1, most likely

originates from a possible competition of the

homotropic assembly of the HBC parts with a

CTcomplexation (heterotropic assembly) between

the HBC and TNF functionalities. Indeed, elec-

tronic absorption spectroscopy of a yellow-colored

cast film of the nanotubes did not display any CT

bands but did display two red-shifted bands at 430

and 460 nm, which is characteristic of tubularly

assembledHBC (22) (Fig. 4A). In sharp contrast, a

cast film of the microfibers showed strong CT ab-

sorptions at 510 and 640 nm (Fig. 4B).

We also found that tubularly assembled

1 exhibits a much-pronounced x-ray diffraction

peak at 2q = 25.7°, assignable to regularly stacked

HBC with a d spacing of 3.46 Å (fig. S4). Infrared

spectroscopy of the nanotubes showed CH2

stretching vibrations at 2919 (antisymmetric

stretching frequency) and 2850 cm–1 (symmetric

stretching frequency), indicating that the dodecyl

chains of 1 are stretched to form a bilayer tape via

interdigitation (22). These observations allow us to

conclude that the HBC and TNF parts are

segregated in the nanotubes, in which the former

forms the graphitic wall as the self-assembling

component, whereas the latter covers the inner and

outer surfaces of the graphiticwall (Fig. 2). Unlike1,

compound 2 did not yield any nanotubular objects

under identical self-assembling conditions except for

brown-colored irregular aggregates.

Photoconducting properties of the nanotubes

andmicrofibers of self-assembledHBC-TNF1were

evaluated by a two-probe method that used

micrometer-gap electrodes fabricated on a silicon

substrate (27). Vapor-diffused THF/MeOH suspen-

sions of either nanotubes ormicrofiberswere cast on

the electrodes, dried under a reduced pressure, and

irradiated at wavelength l = 300 to 650 nm (light

power density, 70 mW mm–2). The nanotubes

exhibited a photocurrent upon irradiation. Current-

voltage (I-V) profiles of the nanotubes (Fig. 4C)

showed that the current is markedly enhanced upon

irradiation by a factor of >104. For example, at an

applied voltage of +2 V, the photocurrent and dark

current of the nanotubes were 4.2 nA and 0.07 pA,

respectively. The photocurrent was nearly propor-

tional to an applied voltage ranging from, for

example, –2 to +2 V (Fig. 4C), indicating an ohmic

behavior of the electrical conduction. As the power

density of the incident light was increased from 3.4

to 150 mW mm–2, the observed photocurrent was

linearly enhanced (fig. S5). As shown in the inset

of Fig. 4C, the photocurrent switching was prompt

and repeatable by turning the light on and off. In

sharp contrast, similar irradiation of the microfibers

hardly exhibited photocurrent generation (Fig. 4D).

The essentially different photoconducting be-

haviors of the nanotubes and microfibers were

supported by flash-photolysis time-resolved

microwave conductivity (FP-TRMC) measure-

ments (27, 28). Upon exposure to a laser pulse

(l = 355 nm), the nanotubes showed a prompt rise

of a transient conductivity <Ds>, which reached a

maximum value <Dsmax> of 13 mS m–1 in 0.11 ms

Fig. 1. HBC derivatives for self-assembly. (A) Molecular structures of HBC-TNF 1 and 2 and
reference compounds 3 and 4. (B) HOMO and LUMO levels of 3 and 4.

Fig. 2. Self-assembly of HBC-TNF 1. (A) Space-filling model of 1. C12, dodecyl chain. (B) Schematic
representation of the nanotube wall. (C) Schematic representation of the nanotube with a coaxial
donor-acceptor configuration. A molecular layer of electron-accepting TNF (green) laminates an
electron-donating graphitic layer of p-stacked HBC (blue).
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(Fig. 4E), whereas the microfibers displayed a

negligibly small conductivity (<Dsmax> = 0.6 mS

m–1) in 0.12 ms (Fig. 4E). Most of the fluorescence

from the HBC parts in the nanotubes of 1 was

quenched by electron transfer to the TNF pendants

(Fig. 4F), where the observed fluorescence

quantum yield FFL of <0.1% is much smaller

than that of tubularly assembled 3 (22) without

TNF (FFL = 6.4%). Time-resolved fluores-

cence spectroscopy (fig. S6) showed that the

averaged fluorescence lifetime of 1 in the

nanotubes (0.13 ns) is much shorter than that of

tubularly assembled 3 (6.0 ns). The photocurrent

action spectrum, obtained by plotting the external

quantum efficiency (EQE) of the nanotubes of

1 versus l of the incident light (27), represents the

characteristic absorption bands of the tubularly

assembled HBC (22) (Fig. 4A). Together with the

fact that the nanotubes of 3 without TNF, which

are analogous to themicrofibers of 1, showed only

a negligibly small photoconductivity (fig. S7),

photoexcitation of the HBC groups in the nano-

tubes, resulting in an electron transfer to TNF, is

responsible for the photocurrent generation.

The nanotube of 1 is characterized by a co-

axial configuration, where a molecular layer of

electron-accepting TNF laminates an electron-

donating graphitic layer of p-stacked HBC. Pho-

toexcitation of the self-assembled HBC should

result in the generation of a charge-separated

state involving radical cations and anions in the

inner and outer layers of the nanotubes, respec-

tively. Such a spatial separation of the charge

carriers would prevent their rapid recombination,

thereby enabling the photoconduction along the

nanotubes. In contrast, in the microfiber formed

by a CT complexation of the electron donating

and accepting parts of 1, recombination of a

photogenerated radical ion pair is promoted.

Although hybrid materials composed of in-

dividual arrays of electron donor and acceptor

molecules are promising advances toward the

efficient conversion of light energy into electrical

energy, the donor and acceptor arrays have to be

connected to allow electron-transfer commu-

nication without their CT complexation. We show

that a primary donor-acceptor CT complexation, if

any, can be switched off in the subsequent

assembling stage when the competing homotropic

assembly of donor and/or acceptor molecules

compensates the energy loss accompanied by the

dissociation of the CT complex. The coaxial

donor-acceptor configuration of the nanotube of

1 provides an ultimate molecular-design strategy

to achieve a wide interface for spatially segregated

redox couples. Furthermore, its micrometer-scale

one dimensionality, along with the large on/off

ratio of the photoconductive response, is highly

attractive for optoelectronic applications.
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We hypothesize that active tectonic processes in the south polar terrain of Enceladus, the
500-kilometer-diameter moon of Saturn, are creating fractures that cause degassing of a clathrate
reservoir to produce the plume documented by the instruments on the Cassini spacecraft.
Advection of gas and ice transports energy, supplied at depth as latent heat of clathrate
decomposition, to shallower levels, where it reappears as latent heat of condensation of ice. The
plume itself, which has a discharge rate comparable to Old Faithful Geyser in Yellowstone National
Park, probably represents small leaks from this massive advective system.

D
ata from the instruments on the Cassini

spacecraft (1–6) prompt a major scientific

question: What is the reservoir that

produces the plume on Enceladus? The plume

erupts from the tectonically active (1) and warm

(2) south polar terrain (SPT); it contains not only

H2O vapor and ice particles (1) but also CH4, N2,

and CO2 gases (6). A highly variable flux of the

order of 10−7 to 10−6 kg s−1 m−2 (and possibly

several orders of magnitude greater, depending on

vent conditions at depth) emanates from at least 17

separate vents along the four tectonically active

tiger stripes (6, 7). The surface of Enceladus in the

SPT is composed of amorphous and crystalline

water ice with traces of complexed CO2 (4).

On the basis of the assumption that the

reservoir for the plume is a single-component

H2O system, it was hypothesized that the plume

erupted from chambers of liquid water at 273 K

as close as 7 m to the surface, the “Cold Faithful”

model (1). However, it has also been argued that

the plume composition represents the surface and

near-surface composition at the site of outgassing

(6), in which case the additional gases must be

accounted for. Observed CO2 concentrations

could be in aqueous solution at pressures greater

than ~24 bars and could help drive geyser

eruptions [as on Earth (8–10)]. However, CH4,

and N2 are so sparingly soluble in liquid water

that these gases could not have originated from a

liquid aqueous phase. The solubility of these

gases in clathrate hydrates (ices with a cage-like

structure in which water ice traps other volatile

components), however, is enormous compared

with their solubility in liquid water. The observed

molar ratio of H2O vapor to noncondensible

gases in the plume is 10:1 (6). The similarity

between this and the ratio of water to guest

molecules in a clathrate (hydration number is 6:1

to 8:1) suggests that the reservoir could consist of

clathrates or clathrates plus water ice. The

potentially important role of multicomponent

clathrates in Enceladus has been pointed out

(11, 12); we investigated the possibility that

explosive decomposition of a clathrate of this

composition could account for the observations

summarized above. Relevant decomposition

curves for the binary clathrates and a mixed

clathrate of the composition corresponding to the

plume are shown in Fig. 1A.

In an undisturbed cold region of Enceladus,

including undisturbed regions of the SPT, a con-

ductive geotherm centered at the surface tem-

perature (70 to 80 K, Fig. 1B, point A) would

intersect either the CO2 sublimation curve (Fig.

1B, point B) or the clathrate decomposition curve

(Fig. 1B, point C) before intersecting the H2O

boiling curve (Fig. 1B, point D). Conductive

geotherms centered at higher heat flow regions

(Fig. 1B, point E) intersect the boiling curve at

tens of meters (Fig. 1B, points near F) but are

irrelevant if thermal conduction in pure H2O ice is

not the dominant process of heat transport, which

we suggest is the case (Fig. 1B, point D).

Water ice and complexed CO2 have been

detected on the surface of Enceladus (4). This

observation, coupled with an examination of the

phase diagrams of Fig. 1, suggests that the crust

consists of a leaky H2O-CO2 ice cap “seal” on the

order of 3.5-km thickness overlying a clathrate

reservoir (13) (Fig. 1B). As long as the seal

contains only minor leaks, confining pressure is

maintained and the clathrate remains stable. Small

leaks will tend to be self-sealing, because water

vapor rising from depth freezes in the cold ice cap

(Fig. 2A). If the seal breaks and confining pressure

is lost, as happens repeatedly as the tectonically

active cap fractures, the clathrate is exposed to

near-vacuum conditions and decomposes, perhaps

violently (Fig. 2, B to D). With time, self-sealing

resumes, and the system returns to ambient

conditions. In this way, vents in Enceladus' ice

cap may be opening and closing continually,

producing variable fluxes and plumes that reach

high above the moon's surface.

We suggest that episodic and frequent for-

mation of new fractures in the SPT repeatedly

exposes clathrate reservoirs to near-vacuum con-

ditions. Large fluxes of gas release are always

accompanied by massive ejection of ice grains

when decompression takes place (14, 15). As

these authors discuss, decompositionmay be com-

plicated by the low-temperature polymorphic

(hexagonal, cubic, amorphous, and nanophase)

changes in ice, but these complexities cannot be

addressed quantitatively, so we restrict our dis-

cussion to clathrate decomposition. We hypoth-

esize that this process produces jets of gas and

ice particles in the fractures comparable to jets

produced by comets. If the total pressure drops

below the vapor pressure of the ice particles, they

sublimate to yield water vapor. Whether this

occurs at depth in the fracture (Fig. 2B, left) or

above the surface in the plume (Fig. 2B, right)

depends on the pressure distribution, which we

cannot specify.

1Department of Geology, University of Illinois at Urbana–
Champaign, 1301 West Green Street, Urbana, IL 61801,
USA. 2Department of Space Studies, Southwest Research
Institute, 1050 Walnut Street, Suite 400, Boulder, CO
80302, USA. 3Thermochemistry Facility and Nanomaterials
in the Environment, Agriculture, and Technology (NEAT)
Organized Research Unit (ORU), University of California at
Davis, 1 Shields Avenue, Davis, CA 95616, USA.

*To whom correspondence should be addressed. E-mail:
skieffer@uiuc.edu

15 DECEMBER 2006 VOL 314 SCIENCE www.sciencemag.org1764

REPORTS

Zinio
page=1764

http://www.sciencemag.org/cgi/content/full/314/5806/1761/DC1
mailto:skieffer@uiuc.edu
http://www.sciencemag.org


Clathrate decomposition into a vacuum is self-

sustaining, because vapor is the stable phase, but

simultaneously self-limiting, because the decom-

position is endothermic. In smaller fractures,

condensation may lead to rapid self-sealing (Fig.

2A), but in larger fractures condensation may be

limited to boundary layers at the walls. Condensa-

tion is accompanied by the delivery of latent heat to

the walls. The boundary layer thickness is limited

by the rate of heat transfer away from thewalls, and

the net effect may be that larger fractures remain

open. Nevertheless, the ice coating will shut off the

supply of gases, and the pressure, even in a deep

fracture, may drop toward vacuum conditions.

When it drops to the vapor pressure of ice at the

local temperature, sublimation of ice can begin if

there is an adequate heat supply (Fig. 2C). The in-

terplay between these various processes and active

tectonics will result in complex and constantly

changing fracture networks (Fig. 2D) and could

lead to the highly time variable phenomena ob-

served for the plume. We examined whether the

magnitudes of the observed gas and vapor fluxes

are consistent with the observed thermal constraints

and properties of clathrates and ice. Construction of

detailed models is neither possible nor warranted

by the data available. We could, however, look at

two extreme cases: decomposition into a vacuum

and into a network of cracks and fractures.

A maximum rate of clathrate decomposition

into a vacuum can be calculated from the Hertz-

Knudsen-Langmuir equation (16). For decom-

position of the mixed clathrate at 190 K and 0.5

MPa, the limiting rate would be ~ 900 kg s−1 m−2.

An eruption of this magnitude would pose a no-

table problem to a spacecraft in low orbit but is

unlikely to be maintained long enough for Cassini

to have encountered such an event during the short

time of observations to date. Rather, we assumed

that the Cassini measurements are monitoring

lower, more steady-state output from the plumes.

To examine decomposition of clathrate into a

network of cracks, we adapted the model (17) for

depressurization of methane clathrates to gas plus

liquid water under terrestrial conditions for

decomposition of our hypothesizedmixed clathrate

to gas plus water ice on Enceladus. The model

provides the production rate of the noncondensible

gases, which can be tested against the observed

fluxes. From the gas flux, estimates of water vapor

flux can be made for certain conditions.

The reservoir is represented as a fractured

permeable medium. It may be the clathrate itself

or a mixture of clathrate and ice or some other solid

substance (Fig. 2). Penetration of a fracture initiates

a decomposition front that propagates away from

the fracture into the clathrate reservoir. Along this

front, clathrates decompose at a pressure, Pd,

intermediate between the reservoir pressure, Pr,

and gas pressure,Pg, in the fracture. Gas production

rate is a function of these pressures, temper-

ature, zone permeability, and porosity. We as-

sumed that the heat required for the decomposition

28 kJ mol–1 (gas mixture) is available as discussed

below. Two plausible cases are discussed; sensi-

tivity studies about the effect of porosity and per-

meability are provided in Fig. 3 [SupportingOnline

Material (SOM) text and fig. S1].

We calculated fluxes for one shallow and one

deep reservoir to set pressure-temperature bound-

ary conditions. Our nominal shallow cool reser-

voir has a temperature of 190 K, which is close to

that inferred for warm areas (2) and ensures there

is sufficient enthalpy to accelerate particles to

escape velocity if decompressed to 145 K. For the

shallow reservoir, we assigned an initial pressure

just high enough for clathrate stability at 190 K, 5

bar. We also examined flow from a deeper

reservoir at 35 km (41 bar), corresponding to a

Fig. 2. Schematic illustrations. (A) Small self-sealing fractures extending from the clathrate
reservoir through the ice cap seal. (B) A large fracture venting gas plus ice particles derived from
the decomposing clathrate directly to the surface. The white area with snowflakes is composed of
the noncondensible gases and ice fragments derived from decomposition of the clathrate. The gray
area is gas and sublimated water vapor and ice crystals. The birm on the left fracture schematically
shows possible surface redeposition from the plume. (C) A fracture into the clathrate with walls
coated by H2O ice, which can sublimate. (D) A complex fracture network through the clathrate and
ice. We hypothesize that these variations of fracture geometries and processes are occurring at
multiple vents in the SPT and that they are time-variable.

Fig. 1. (A) Decomposition curves from clathrate hydrate (H) to gas plus ice (G+I) for the three binary
clathrates of interest and for the mixed clathrate proposed for the reservoir on Enceladus (21, 22) and the
sublimation curve for CO2 (23). (B) Phase relations for H2O and CO2 single-component systems, the mixed
clathrate system from (A), and some possible shallow thermal profiles. The thermal profile ABC shown is a
purely conductive profile for a surface temperature at 1-cm depth of 70 K and a heat flow of 0.25 W m–2.
At ambient background conditions on Enceladus, a conductive thermal profile for a density of 1000 kgm–3

allows ice to be stable to 3.5 bars pressure and about 3 km depth or the mixed clathrate to be stable at
pressure > 1.5 bars (>1.3 km depth). Italicized letters apply only to the CO2 system.
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depth about halfway into the estimated crust, and

assigned a temperature of 250K, corresponding to

a plausible geothermal gradient (Fig. 1B). Actual

reservoir pressures and temperatures are un-

known; these are simply plausible end-members.

Pressures in the active fractures could span the

range from reservoir pressure to near-vacuum sur-

face conditions (Fig. 2D). The former is likely at

the base of a network of small fractures; the latter,

at the base of a single wide fracture. When gas

flows in complicated networks, pressure conditions

are commonly determined by narrow constric-

tions where the flow chokes to sonic conditions of

pressure, temperature, and flow velocity (Mach

number = 1) (18). Typically, this pressure is about

half of the reservoir pressure (see Fig. 3 for values).

For the shallow reservoir, initial fluxes of the

noncondensible gases (G) are ~10−1 kg s−1 m−2

but decrease to ~10−4 kg s−1 m−2 within weeks

(Fig. 3A), to ~5 × 10−6 kg s−1 m−2 within 10 years,

and to ~10−6 kg s−1m−2 within 100 years. Porosity

and permeability change these values by about

one-half an order of magnitude. Sensitivity tests at

even lower pressures and temperatures show that

fluxes are in about the same range (Fig. 3B).

Fluxes from the deeper reservoir are more than an

order of magnitude greater because of both the

larger pressure gradient between the reservoir and

the fracture and the higher temperature (Fig. 3B).

This model gives the flux of the nonconden-

sible gases, CO2, N2, and CH4. We suggest that

these gases entrain small particles of water ice at

about themolar ratio of 10:1 (mass ratio of 6:1) and

carry them upward in the flow. Upon encountering

pressures lower than the vapor pressure either

within the fracture or in the atmosphere, these

small particles sublimate to produce the observed

vapor-to-gas ratio. Therefore, adding in the water

vapor component to the observed mass ratio of

6:1 gives a total flux of vapor plus gas of ~7 × 10−4

kg s−1m−2 after a fewweeks, ~35× 10−6 kg s−1m−2

after a decade, and 7 × 10−6 kg s−1 m−2 after a

century. Given the highly variable fluxes and

uncertainties in measurements and modeling, these

results imply that clathrate degassing could produce

fluxes of the order of magnitude measured for the

plume, 10−7 to 10−6 kg s−1 m−2. The rapid decay

over a time frame of weeks is similar to the time

scale of 1 month that was documented as the decay

time for a burst of particles into Saturn's E-ring

observed in 2004, as well as the time scale in (6).

The high fluxes calculated from the model also

allow some H2O and CO2 to recondense on the

walls and near surface to form the low ridges of

H2O with trapped CO2 observed by (1, 4) (Fig. 2B,

left, one schematic rim shown in dark gray).

Alternatively, these calculated fluxes will be

reduced by a process known to occur when

clathrates degas: Surfaces become coated with

water ice, and the reaction slows or ceases (Fig.

2C). In this case, the pressure in the fracture drops

to the vapor pressure of the ice, and sublimation

can occur if heat is available. After sublimation

removes or weakens the ice, the degassing cycle

can start again (Fig. 2B).

How much heat is required to produce the

plume from the clathrate by this process? We

ignored the comparatively small energy required

for acceleration and considered larger latent heats

of decomposition of the clathrate, ~890 kJ kg–1 of

noncondensible gas mixture, and the additional

heat of sublimation of water ice, ~2800 kJ kg–1.

For a total vapor flux of 100 to 350 kg s–1, the

energy required to produce the plumes is then 0.3

to 0.9 GW, about one-tenth of the 3 to 7 GW

radiated from the SPT. This is consistent with our

hypothesis that much of the energy of decom-

position and sublimation is transported from

depth and redeposited at higher levels as heat of

condensation of ice and carbon dioxide and that

the plume represents small leaks on a massive

advection system.

We conclude that Enceladus' south polar

plume consists of numerous relatively small

leaks tapping a system of advecting gases, ice,

and vapor (1, 2, 6, 7). The total discharge of a

few hundred kilograms per second from all of

the vents contributing to the plume at the

south pole of Enceladus is remarkably similar

to the discharge of Old Faithful Geyser in

Yellowstone National Park (18), but the dis-

charge into a vacuum gives the plume its mag-

nificent height and spread. We emphasize that

heat transport is not along thermal profiles

determined by the thermal conductivity of ice

in these regions but rather by advection of vapor

and redistribution of latent heats. As an alter-

native to the shallow boiling water “Cold Faith-

ful”model (1), we propose that the south pole of

Enceladus is a colder world with a “Frigid Faith-

ful” plume emanating from degassing clathrates.

This model accounts in a simple and unified way

for the gas composition of the plume and the

variability of fluxes over space and time. It

provides a plausible advective heat transfer pro-

cess as heat absorbed as latent heat of decom-

position of clathrate is redeposited near the

surface as latent heat of condensation of ice.
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Sequencing of 81 entire human mitochondrial DNAs (mtDNAs) belonging to haplogroups M1
and U6 reveals that these predominantly North African clades arose in southwestern Asia and
moved together to Africa about 40,000 to 45,000 years ago. Their arrival temporally overlaps with
the event(s) that led to the peopling of Europe by modern humans and was most likely the result
of the same change in climate conditions that allowed humans to enter the Levant, opening the
way to the colonization of both Europe and North Africa. Thus, the early Upper Palaeolithic
population(s) carrying M1 and U6 did not return to Africa along the southern coastal route of the
“out of Africa” exit, but from the Mediterranean area; and the North African Dabban and European
Aurignacian industries derived from a common Levantine source.

A
n “out of Africa” dispersal of modern

humans is now widely accepted, together

with a model postulating a single “south-

ern route” dispersal from the Horn of Africa to the

Persian/Arabian Gulf and further along the

tropical coast of the Indian Ocean to Southeast

Asia and Australasia (1–3). Within this model,

however, the delayed settlement of most parts of

West Eurasia needs an explanation. In contrast

with South Asians, East Asians, and Austra-

lasians, West Eurasians have only a moderate

amount of haplogroup-level diversity within

mitochondrial DNA (mtDNA) haplogroups N

and R (the early derivative of N) but lack almost

completely haplogroup M, which is otherwise

dominant in Asia (Fig. 1). The colonization of

West Eurasia is thought to have been the result of

an offshoot of the colonization along the southern

route, followed by a lengthy pause, perhaps at

the Persian/Arabian Gulf, until the climate

improved and the ancestors of West Eurasians

were able to enter first the Levant and then

Europe (2, 4, 5). Paleoenvironmental evidence is

crucial to this argument, suggesting that an

earlier migration toward the north >50 thousand

years ago (ka) would have been impossible

given the climate of the time, with desert

extending from North Africa to Central Asia (6).

In contrast, a clade of M, referred to as M1, is

present at high frequencies in the Horn of Africa

and appears to be predominantly African-specific

(Fig. 1 and table S1). This raises the possibility

that M could have arisen in East Africa before the

out of Africa exit (7, 8), or M1 might represent a

back-migration into East Africa (9–11).
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Fig. 1. Schematic representation of the worldwide phylogeny of human mtDNA. African haplogroups are in green and those of other geographical
regions are in other colors.
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The scenario of a back-migration into Africa is

supported by another feature of the mtDNA

phylogeny. Haplogroup M’s Eurasian sister clade,

haplogroup N, which has a very similar age to M

and no indication of an African origin, includes R,

which in turn embraces haplogroup U (Fig. 1).

Haplogroup U is subdivided into numerous clades

(U1 to U9) and is characterized by an extremely

broad geographical distribution ranging from

Europe to India and Central Asia (12). However,

one of its clades—U6—is mainly found in

northern Africans (13, 14) but is also observed in

eastern Africans (11), a situation that parallels that

of M1, with the only difference being that M1 is

more common in East Africa than inNorth Africa.

The hypothesis of a back-migration from

Asia to Africa is also strongly supported by the

current phylogeography of the Y chromosome

variation, because haplogroup K2 and paragroup

R1b*, both belonging to the otherwise Asiatic

macrohaplogroup K, have been observed at high

frequencies only in Africa (15, 16). However,

because of the relatively low molecular resolu-

tion of the Y chromosome phylogeny as com-

pared to that of the mtDNA, it was impossible to

come to a firm conclusion about the precise

timing of this dispersal (15, 16).

To shed some light on haplogroups M1 and

U6 in Africa, we sequenced mtDNA genomes

belonging to M1 (n = 51) and U6 (n = 30) from

populations distributed over the geographical

range of the two haplogroups. The phylogenies

of the M1 and U6 sequences are illustrated in

Figs. 2 and 3, respectively.

The average sequence divergence [± standard

error computed as in (17)] of the 51 M1 coding-

region sequences from the root of haplogroup M1

is 7.16 ± 1.38 substitutions (disregarding indels and

pathological mutations), which corresponds to a

coalescence time estimate of 36.8 ± 7.1 thousand

years (ky) for the entire haplogroup M1 (18). The

M1 tree shows an initial deep split into two sister

subclades, M1a and M1b, each containing several

independent basal branches, at least seven within

M1a and twowithinM1b (Fig. 2). TheM1a branch

shows a coalescence time of 28.8 ± 4.9 ky (5.60 ±

0.96 substitutions). The other major branch of the

tree, M1b, is also ancient, with an estimated coales-

cence time of 23.4 ± 5.6 ky (4.55 ± 1.08 substitu-

tions), but in contrast to M1a, which encompasses

the entire geographical range ofM1,M1b is present

only in the Mediterranean area (fig. S1).

Haplogroup U6 is characterized by an over-

all coalescence time estimate of 45.1 ± 6.9 ky

(8.77 ± 1.34 substitutions) (Fig. 3), and U6a (the

most represented of its clades) has a coalescence

time of 37.5 ± 4.3 ky (7.29 ± 0.83 substitutions).

It is worth emphasizing that U6 is a sister clade of

the European haplogroup U5 (Fig. 1), which is

dated 41.4 ± 9.2 ka (12) and was most likely

carried by the first European settlers (19).

The overall coalescence age estimates for M1

(~37 ky) and U6 (~45 ky) are largely overlapping

when standard errors are considered. This

supports the scenario that M1 and U6 could have

been involved in the same population expansion

and dispersal events. Given that the origin of

haplogroup U is West Asia and that the presence

of U6 in Africa is due to gene flow from that area,

the phylogeographic similarities between the two

haplogroups indicate that M1 (or its molecular

ancestor) is also of western Asian ancestry. This

suggests that there was amigration event about 40

to 45 ka that concomitantly affected both haplo-

groups. An ancient arrival of M1 in Africa (or in

its close proximity) is supported by the fact that

none of the numerous M haplogroups in Asia

(20, 21) harbors any of the distinguishing M1

root mutations, and by the lack of Asian-specific

clades within M1 (and U6), as might be expected

in the case of a more recent arrival. The arrival of

Fig. 2. Tree of 51 mtDNA sequences belonging to haplogroup M1. The
tree is rooted using the reference sequence (rCRS) (27) as an outgroup.
The sequencing procedure and phylogeny construction were performed as
described elsewhere (4, 28, 29). mtDNAs were selected through a pre-
liminary sequence analysis of the control region and a restriction fragment
length polymorphism survey in order to include the widest possible range
of internal variation of the haplogroup. All M1 sequences are new except
for 17, which is the same sample as 25 in Torroni et al. (3). Mutations are
shown on the branches; they are transitions unless a base is explicitly
indicated. Suffixes indicate transversions (to A, G, C, or T), indels (+, d) or

heteroplasmy (h). Recurrent mutations are underlined; pathological mu-
tations are in italics. The ethnic or geographic origins of mtDNAs are as
follows: Italy (1, 5 to 9, 23, 24, 28, 31, 42, 44, 45, and 47 to 49);
Berbers of Egypt (2 and 3); Egypt (4, 29, 32, and 37); Ethiopian Jews (10
and 11); Ethiopia (12 to 17, 26, 27, 33 to 35, 38, and 40); Greece (18
and 19); Iraqi Jew (20); Druze (21); American (USA) of European ancestry
(22); Berbers of Morocco (25, 30, 46, and 50); Kenya (36); Somalia (39);
Mauritania (41); Bedouin, southern Israel (43); and Iraqi (51). For
additional information regarding the tree, see the supporting online
material (SOM).
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M1 and U6 in Africa 40 to 45 ka would tem-

porally overlap with the event(s) that led to the

peopling of Europe by modern humans.

This raises the possibility that the population(s)

harboring M1, U6, and U5 (or their close mo-

lecular ancestors) were all living in the same

broad geographic area of southwestern Asia,

possibly in separate regional enclaves, and that

they all were affected by an event that led to their

expansion and relocation. It has been proposed

that a change in climate conditions, fragmenting

and reducing the desert areas (6), allowed hu-

mans to enter first the Levant and then Europe

(4). However, such a climatic change would also

render North Africa equally accessible from

the Levant. Thus, while populations bearing

U5 took part in the colonization of Europe, pop-

ulations with M1 and U6 entered North Africa.

Such a scenario implies that the population(s)

harboring M1 and U6 did not return to Africa

along the southern coastal route of the out of

Africa exit but from the Mediterranean area. The

Greenland Interstadial 12, from ~44 to ~48 ka

(22, 23), could have been the main period of

dispersal into the Levant and subsequently into

North Africa.

Furthermore, the distribution of M1b and

most of the U6 clades only in Mediterranean re-

gions indicates that both M1 and U6 differ-

entiated into their major subclades while they

were in the Mediterranean area, and only later

some subsets of M1a (including its derivatives

M1a1 and M1a2), U6a2, and U6d diffused to

East Africa, possibly along the Nile Valley. It

cannot be excluded that a further late dispersal of

M1 and U6 within North and East Africa might

have been associated with the diffusion, after the

Last Glacial Maximum, of the emerging Afro-

Asiatic language family. Indeed, M1 and U6 in

Africa are mostly restricted to Afro-Asiatic–

speaking areas.

In the Holocene, some of the M1 and U6

clades were involved in subsequent migration and

colonization events. For instance, M1a1b1 is

found only in Sardinia (Fig. 2), where it is also

fairly frequent (1.8%). Its estimated coalescence

age of 7.7 ± 3.1 ky suggests that the founding

M1a1b mtDNAwas brought to Sardinia by the

first modern humans that arrived to the island.

A similar scenario can be envisioned for U6b1,

which was typical of the Guanches (24), the

ancestral population of the Canary Islands.

Our phylogeographic studies of mtDNA

haplogroups reinforce the scenario that the

first Upper Paleolithic cultures in North Africa

(Dabban) and Europe (Aurignacian) had a com-

mon source in the Levant (14, 25, 26) and in fact

spread by migration from some core area in the

Levantine Corridor. The dispersal of Levantine

people to Europe and North Africa was then

marked by the mtDNA haplogroups U5 and

U6/M1, respectively.
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The Paleocene-Eocene Thermal Maximum (PETM, ~55 million years ago) was an interval of global
warming and ocean acidification attributed to rapid release and oxidation of buried carbon. We
show that the onset of the PETM coincided with a prominent increase in the origination and
extinction of calcareous phytoplankton. Yet major perturbation of the surface-water saturation
state across the PETM was not detrimental to the survival of most calcareous nannoplankton taxa
and did not impart a calcification or ecological bias to the pattern of evolutionary turnover.
Instead, the rate of environmental change appears to have driven turnover, preferentially affecting
rare taxa living close to their viable limits.

M
odern biodiversity studies predict huge

losses of flora and fauna (1) associated

with anthropogenic carbon emissions

and projected climate change (up to ~35% of

species by 2050) (2). Paleontological records

from analog events in geologic history provide a

way to test the ecological basis of these pre-

dictions. The Paleocene-Eocene Thermal Maxi-

mum (PETM) is attributed to a rapid increase in

atmospheric CO2 levels, perhaps caused by the

exhumation and oxidation of methane from

marine sediments (3–5). Within less than 10

thousand years (ky) (6, 7), ocean temperatures

rose by 5° to 8°C, marine and terrestrial carbon

isotope values (d13C) decreased by 3 to 8 per mil,

and the calcite compensation depth (CCD) (8)

in the deep sea shoaled by up to 2 km (9–12).

Subsequently, d13C values returned to near-

background levels within 110 to 210 ky (6, 13).

The PETM was accompanied by dramatic re-

organization in marine and terrestrial ecosys-

tems (9, 14–19), with the most extreme response

being the catastrophic extinction of 35 to 50% of

benthic foraminiferal species (17).

To understand biotic change across the

PETM more fully, we estimate the rate of evo-

lutionary change within the calcareous nanno-

plankton; i.e., the number of species that appeared

and disappeared through time. Calcareous nan-

noplankton are ideal for testing the organismal

response to the PETM because their surface-

water habitat renders them highly sensitive to

environmental change. Moreover, their fossil

record is exceptionally complete during this time

interval, both taxonomically and stratigraphical-

ly (18, 19). Our records are at a resolution of up

to 10 ky, allowing us to resolve patterns on the

time scale of environmental disturbance.

Our data come from open-ocean sites in the

paleoequatorial Pacific and the Southern Ocean

[Ocean Drilling Program (ODP) sites 1209 and

690] and two sections on the New Jersey

paleoshelf (U.S. Geological Survey drill hole at

Wilson Lake and ODP leg 174AX drill hole at

Bass River) (fig. S1). By combining nannofloral

data sets with cyclostratigraphic age models (6),

we calculated species extinction and origination

rates per unit depth and per unit time (20). Two

methods were used to calculate evolutionary

rates per unit time. First, we applied the widely

used proportional rates method, dividing the

number of originations or extinctions by time,

normalized for diversity [(20), following (21)].

Second, per-capita rates were calculated using

the natural log of the ratio of taxa that range

through a time bin to either those that only cross

the bottom boundary of the bin (for extinction) or

those that cross the top boundary (for origina-

tion) (20, 22, 23). This latter method has the

advantage of removing spurious variation in

rates created by unequal duration of time bins

(22). Both methods return rates per unit time

(24) and are thus not biased by variation in sed-

iment accumulation (25).

At all sites, the pattern of change recorded

across the PETM in evolutionary rates and spe-

cies richness (Figs. 1 and 2 and table S1) is sim-

ilar, pointing to global rather than local species

turnover (26). In the ~70 ky before the PETM,

origination was low and there were virtually no

extinctions, resulting in a gradual increase in

species richness. Origination and extinction

rates increased during the first 70 ky of the

PETM, defined by the interval from the onset to

the peak of the carbon isotope excursion (CIE,

dark shaded zone in Figs. 1 and 2). During this

interval, the inferred rate of CO2 absorption by

the oceans was greatest, and up to 18 species

(from a maximum of 84) appeared or dis-

appeared. The synchronous increase in both

per-unit-depth and per-unit-time rates demon-

strates that the abrupt change in turnover cannot

be attributed to changes in sedimentation rate

(e.g., section condensation resulting from dis-

solution at the base of the PETM). At three

locations [site 1209, Wilson Lake (WL), and

Bass River (BR)], average proportional (per

unit time) rates of origination and extinction

were 1.6 and 1.7% per 10 ky, respectively

(table S1), compared to an average of 0.5 and

0.1% per 10 ky in the pre-event background

interval (Fig. 1). At site 690, Maud Rise,

Southern Ocean, a more finely resolved record

of the CIE is available (24), and the evolutionary

rate data reveal that proportional origination and

extinction rates were 11 and 5% per 10 ky, re-

spectively, during the first 10 ky after the event

onset (Fig. 2). During the remainder of the

PETM, despite continued environmental pertur-

bation (9, 10), origination and extinction rates

rapidly returned to pre-event levels, with a

maximum of 10 species appearing or disap-

pearing over the next ~150 ky. Proportional

rates of origination and extinction in the re-

covery interval remained low (averaging 0.2

and 0.5% per 10 ky, respectively, table S1) with

a gradual drop in species richness (Fig. 1).

In Fig. 3, we compare the rates that we

have measured for the PETM with long-term
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records of nannofossil diversity binned into

3-million-year (My) intervals (21). In the long-

term record, the bin containing the PETM [56 to

53 million years ago (Ma)] shows the highest

rates of turnover for the Cenozoic, with both

origination and extinction rates at 54%. Com-

parison with the results of our study suggests

that much of this turnover was probably focused

in the onset of the short-lived PETM event. This

finding implies that the importance of geological

events marked by rapid evolutionary turnover,

such as the PETM, is likely to be systematically

underestimated within low-resolution records of

biodiversity change.

Despite the strong ecological responses

of nannofossil assemblages to environmental

changes at the PETM (18, 19), the pattern of

evolutionary reorganization that we see is sur-

prising in two ways. First, the rate of turnover

is relatively modest, considering the magnitude

of environmental change that has been inferred

for the PETM and in light of findings from

laboratory culture experiments and ocean

acidification models (27, 28). Second, the turn-

over lacks an obvious ecological or calcification

bias. Both oligotrophic warm-water–favoring

taxa (e.g., several species of Discoaster and

Fasciculithus) and inferred mesotrophic cool-

water–favoring taxa (e.g., several species of

Neochiastozygus and Prinsius bisulcus) appear

and disappear (table S4). Furthermore, there is

no obvious evidence of an evolutionary de-

crease in lith calcification or an overcompen-

sation in robustness, despite increasing geologic

evidence for massive carbonate undersaturation

in the oceans (11, 12). Heavily calcified as well

as fragile nannofossils both appear and dis-

appear within the interval from the onset to the

peak of PETM conditions (Fig. 4, table S4),

providing no obvious evidence for geologically

sustained inhibition of surface-water calcifica-

tion. Apparently, surface-water saturation state

was not perturbed across the event to a point

that was detrimental to the survivorship of most

calcareous nannoplankton taxa. On the other

hand, taxa that became extinct were rare (<1%

abundance in pre-event assemblages) compared

to the dominant taxa that survived. Presumably,

the rare taxa lived closer to their ecological limits

than the more common taxa and were therefore

more susceptible to a contraction of population

numbers below viable limits (29), with origina-

tions rapidly filling the empty ecological niches.

The lack of ecological bias in our data and the

clustering of bioevents at the initiation of the

PETM suggest that it was the rate of envi-

ronmental change that drove evolutionary turn-

over during this event, rather than change in any

given individual environmental factor.

In comparison to many plants and animals,

calcareous nannoplankton should be relatively

resilient to environmental perturbation because

of their planktonic habit, near-cosmopolitan

distribution, large population sizes, and short

life cycle. Yet our data demonstrate that even

these organisms display a prominent accelera-

tion in both origination and extinction rates

across the PETM (Figs. 1 to 3). However, the

measured present-day rates of CO2 increase,

and those predicted for the coming century are

even greater than for the PETM (30), with

projections of increased surface-water acidity

of 0.7 pH units over the next 300 years (31),
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possibly even resulting in aragonite undersat-

uration of the high latitudes by 2050 (28).

Although there was no catastrophic loss of cal-

cifying plankton at the PETM, the evolutionary

rates that we have documented are likely to be

modest compared to those that will accompany

projected surface-water acidification over com-

ing centuries.
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Fisheries have removed at least 50 million tons of tuna and other top-level predators from the
Pacific Ocean pelagic ecosystem since 1950, leading to concerns about a catastrophic reduction in
population biomass and the collapse of oceanic food chains. We analyzed all available data from
Pacific tuna fisheries for 1950–2004 to provide comprehensive estimates of fishery impacts on
population biomass and size structure. Current biomass ranges among species from 36 to 91% of
the biomass predicted in the absence of fishing, a level consistent with or higher than standard
fisheries management targets. Fish larger than 175 centimeters fork length have decreased from
5% to approximately 1% of the total population. The trophic level of the catch has decreased
slightly, but there is no detectable decrease in the trophic level of the population. These results
indicate substantial, though not catastrophic, impacts of fisheries on these top-level predators and
minor impacts on the ecosystem in the Pacific Ocean.

I
ndustrial fisheries for tunas and associated

species extend over most of the tropical and

temperate Pacific Ocean and currently pro-

duce over 2.5 million tons (1) or about 64% of

the 2004 global tuna catch (Fig. 1). These fish-

eries have grown continuously since the 1950s

and have removed more than 50 million tonsof

large pelagic fish. The fishery targets four pri-

mary temperate and tropical tuna species:

skipjack (Katsuwonus pelamis), yellowfin

(Thunnus albacares), bigeye (T. obesus), and

albacore (T. alalunga) tuna. Other species, blue-

fin tuna (T. orientalis), billfishes, and oceanic

sharks are also taken, but the primary tuna spe-

cies make up >90% of the total catch by weight.

Data derived from these fisheries (including

catch, fishing effort, size composition, and tag-

ging data) show a 50-year record of natural

variability in and human impacts on open-ocean

ecosystems. We analyzed all available data with

state-of-the art stock assessment methods to

provide estimates of fishery impacts on popula-

tion biomass, size structure, and trophic status of

major top-level predator stocks in the Pacific

Ocean: bigeye tuna, yellowfin tuna, skipjack

tuna, albacore tuna, and blue shark (Prionice

glauca) (2).

The trajectories of exploited and unexploited

(3) biomass vary substantially among stocks

(Fig. 2). Exploited western Pacific yellowfin and

bigeye have declined steadily to levels near the

equilibrium biomass that would produce the

maximum sustainable yield (MSY) in the fish-

ery. Skipjack tuna and blue shark appear to have

increased slightly, whereas albacore have fluc-

tuated in both directions. Current total and adult

biomass range, respectively, from 36 to 91% and

12 to 89% of that predicted in the absence of

fishing (Table 1 and fig. S1). The variability in

biomass over time and among stocks cannot be

attributed entirely to fishing. Each stock has a

unique recruitment history, somewith periods of

several years during which recruitment is more

than 1 SD above or below the long-term average

for the stock (fig. S2).
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Longline fishing, which selectively removes

the largest and oldest individuals, was the pri-

mary method of fishing for the first 25 years of

the tuna fishery except in some coastal areas.

The biomass of tunas larger than 175 cm fork

length (measured from the tip of the snout to the

center of the fork in the tail) decreased by 40%

by the end of the 1970s (Fig. 3A). The current

biomass of tunas larger than 175 cm is less than

17% of the biomass expected in the absence of

fishing, but this segment of the population never

made up more than 5% of the total tuna biomass

(fig. S5). The burgeoning purse-seine fishery in

the 1980s began to remove smaller fish (~75 cm

in length), spreading exploitation to earlier life-

history stages (Fig. 3A).

An ontogenetic model relating size to trophic

level was applied to the size structure of the

catch, exploited population, and unexploited

population to estimate trophic levels (2). The

trophic level of the catch, aggregated across the

eight stocks, was about 10% higher than the troph-

ic level in both the exploited and unexploited

population in the 1950s and declined steadily to

the same level as the exploited population (Fig.

3B). The trophic level of the catch dropped from

4.1 to 4.0 over the past 50 years because of the

increased catch of smaller fish, but the trophic

level in the exploited population has remained

relatively constant at 3.9 (table S3).

Stock assessment is sometimes criticized (4)

for dependence on unproven assumptions and

for producing uncertain results. Integrated stock

assessment models are, however, the tools of

choice when attempting to accommodate dis-

parate fisheries data as opposed to selecting a

single data source [for example, (5)]. Our anal-

ysis depends mainly on ratios of estimated

variables, which are less variable than point esti-

mates (6). The analysis, which used all available

fisheries data, shows that the biomass of top-

level predators has not declined catastrophically

in spite of the continuous increase in catches

since the 1950s. The biomass of four stocks is

greater than 74% of their unexploited potential,

and the biomass of the remaining four stocks is

36 to 49% of the unexploited potential, as

expected when the catch approaches MSY.

The biomass of several stocks of primary

tuna and other top predators (7–10) has declined

to MSY-associated levels. The ecosystem im-

pact of such reductions is unknown, but model

studies have shown that fishing all species in an

ecosystem at mortality rates yielding single-

species MSY may, under some conditions, lead

to the erosion of trophic structure and depensa-
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tory effects on recruitment (11, 12). MSY is,

nevertheless, enshrined by many national and

international fishery management agencies as

the target level of catch to which fishery man-

agement aspires. More conservative, but ad hoc,

reference points, such as maintaining adult pop-

ulations above 50% of the unexploited adult

biomass, may be more appropriate for an eco-

system approach to fisheries management (13).

Attempting to establish an unvarying initial

reference point or baseline against which to

evaluate changes in biomass is misleading. For

example, the biomass of yellowfin in the eastern

Pacific is currently about 2 times greater than the

biomass at the beginning of the data time series,

suggesting that the stock is in good condition.

The exploited biomass is, however, only 49% of

the unexploited biomass, and the current catch is

nearMSY (14). Expressing the impact of fishing

as the ratio of exploited to unexploited biomass

is a more sensitive indicator than comparison of

current biomass to the biomass at some arbitrary

date in the past at which the stock is assumed to

be in a “pristine” or “virgin” state. The impact of

the fishery is detectable in all stocks when the

exploited-to-unexploited ratio is used.

The increase in the biomass of certain species,

such as blue shark and skipjack, is a potentially

important ecosystem response predicted by

simple ecosystem models (15) and possibly at-

tributable to a reduction in the biomass of other

large predators. The possibility that the biomass

of rapidly growing predators (such as Cory-

phaena hippurus and Acanthocybium solandri)

may be also increasing should be examined. Un-

fortunately, complete fisheries statistics for these

species are not available, and they rank low on

the list of priority species for stock assessment in

fishery management organizations.

Single-species assessment models do not ex-

plicitly include the effects of changes in the

abundance of one species on the abundance of

another. Until assessment models are able to

simultaneously analyze multiple species, whether

reduced abundance of larger fish has led to an

increase in skipjack abundance will remain uncer-

tain. In spite of this limitation, single-species stock

assessments have an important role in the ecosys-

tem approach to fisheries. Single-species assessment

methods applied to nontarget species, such as blue

shark, reveal potentially important ecosystem trends.

The results presented here appear to differ

sharply from widely accepted views of the status

of large oceanic predatory fish stocks and the

ecosystem effects of fishing (5, 16). Our results,

however, should be interpreted as extensions of

previous work, providing a more realistic (17–22)

appraisal of the effects of fishing on the pelagic

ecosystem. Our estimates of biomass trends

interpret all available data from all major fishing

fleets in the context of well-understood population

dynamics processes. The analysis extends the

concept of aggregating abundance across species

(5) by summing biomass according to length

across species, concluding that the biomass of fish

smaller than 175 cm is near that predicted for

stocks at full exploitation and that drastic declines

in abundance are detectable only in fish larger than

175 cm. Furthermore, the analysis extends the

concept of “shifting baseline” (23, 24) by defining

an empirical, quantitative reference base that

depends directly on the activity being analyzed,

concluding that although some predator popula-

tions have declined severely in response to fishing,

others have increased. Finally, the analysis extends

the notion of examining the impact of fisheries on

the trophic level of the catch (16) by also ex-

amining the trophic level of the population at

large, concluding that there is no impact on the

trophic level of the population and that the ap-

parent reduction in the trophic level of the catch is

caused by the development of purse-seine fisheries

targeting smaller tunas; that is, by “fishing through

the food web” (21).

Fishery scientists have been warning of im-

pending stock conservation problems in Pacific

yellowfin and bigeye tuna in the western and

central Pacific Ocean since 2001 (25), and the

relatively depressed condition of the spawning

populations of these two species has stimulated

fishery managers to attempt to impose con-

straints on the fishery. The Western and Central

Pacific Fisheries Commission and the Inter-

American Tropical Tuna Commission have the

responsibility to implement conservation regu-

lations in the western and eastern Pacific Ocean,

respectively. Scientists in both commissions

have recommended management options, in-

cluding catch and effort limits, restrictions on the

use of artificial floating objects by the purse-

seine fishery, and time and area closures, to

maintain sustainable fisheries for these species

on both sides of the Pacific (26, 27). Unfor-

tunately, these options have not been fully im-

plemented, and decreases in fishing mortality

have not yet been realized. Commissioners and

national delegations to these commissions need

to implement effective conservation measures

before stocks reach a state where draconian mea-

sures, such as complete closures, are required to

preserve the fishery and sustain the ecosystem.

Table 1. Comparison of estimated impacts of fishing computed as the ratio of estimated exploited
biomass to the estimated unexploited biomass in the last year of the analysis (exploited/
unexploited) and as the ratio of estimated exploited biomass in the last year to that in the first year
(biomass ratio).

Exploited/unexploited Biomass ratio
Stock

Total Adult Total Adult

North Pacific albacore 0.38 0.12 1.34 0.94

Pacific bigeye 0.39 0.26 0.28 0.19

WCPO yellowfin 0.36 0.27 0.37 0.30

EPO yellowfin 0.49 0.41 2.12 2.27

North Pacific blue shark 0.91 0.89 1.20 1.16

WCPO skipjack 0.74 0.70 2.08 1.84

EPO skipjack 0.79 0.77 2.79 3.12

South Pacific albacore 0.89 0.83 0.89 0.91
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Fig. 3. Two ecosystem indicators of the effects of fishing. (A) Impact of fishery on size. The ratio of
exploited to unexploited biomass at increasing fork lengths by decade from 1950 through 2004 for
all tuna stocks is shown. The dashed box indicates the size range of skipjack caught by the purse-
seine fishery. The vertical dashed line indicates 175 cm fork length. (B) Impact of fishery on the
trophic level of exploited tuna biomass and catch. The blue line is the ratio of the trophic level of
exploited biomass to the trophic level of the unexploited biomass, and the green line is the ratio of
the trophic level of the catch to the trophic level of the unexploited biomass. The dashed red line
indicates 1.0, the relative trophic level in the unexploited biomass.
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A Secreted Serine-Threonine

Kinase Determines Virulence in the
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Toxoplasma gondii strains differ dramatically in virulence despite being genetically very similar.
Genetic mapping revealed two closely adjacent quantitative trait loci on parasite chromosome VIIa
that control the extreme virulence of the type I lineage. Positional cloning identified the candidate
virulence gene ROP18, a highly polymorphic serine-threonine kinase that was secreted into the
host cell during parasite invasion. Transfection of the virulent ROP18 allele into a nonpathogenic
type III strain increased growth and enhanced mortality by 4 to 5 logs. These attributes of ROP18
required kinase activity, which revealed that secretion of effectors is a major component of parasite
virulence.

T
oxoplasma gondii is a widespread pro-

tozoan parasite that chronically infects

~25% of the world’s human population

(1). T. gondii is dominated by three widespread,

clonal lineages, which rapidly expanded follow-

ing a severe genetic bottleneck ~10,000 years

ago (2, 3). Despite ~98% genetic identity,

dramatic differences in virulence exist between

T. gondii strains (4). Type I strains cause lethal

infection in all strains of laboratory mice even at

low inocula [lethal dose (LD100) ≈ 1] (4, 5),

whereas types II and III strains are much less

virulent [median lethal dose (LD50) ≥ 103] (4).

Acute virulence is associated with rapid dissem-

ination, high parasite burdens, and overpro-

duction of T helper cell type 1 cytokines (6, 7).

Toxoplasmosis has primarily been associated

with type II strains, whereas type III strains are

rarely associated with disease (8, 9). Although

less prevalent, type I can cause severe congenital

infections (10), ocular toxoplasmosis (11, 12),

and encephalitis in AIDS patients (13). Acute

virulence of T. gondii in the mouse model is

genetically determined (14), although the genes

involved in this phenotype are unknown.

The extreme linkage disequilibrium of T.

gondii populations (4, 9) limits the use of as-

sociation or population-based studies for iden-

tifying virulence genes. Therefore, we used

forward genetic mapping to identify genes that

determine natural differences in virulence. The

recently completed genome map of the 14 chro-

mosomes of the T. gondii ~65-megabase haploid

genome provided a framework for quantitative

trait locus (QTL) mapping with 175 informative

genetic markers (15, 16). Genomewide QTL

mapping was used to analyze the genetic basis

of acute virulence in 34 independent progeny

from a genetic cross between the virulent type I

strain GT-1 and the nonvirulent type III strain

CTG (14). These parental strains differ in a

number of virulence-related phenotypes includ-

ing (i) migration under soft agarose, (ii) trans-

migration across polarized epithelia, (iii)

intracellular replication, (iv) acute mortality in

the mouse model, and (v) serum response of

animals surviving low-dose infection (17).

Toxoplasma gondii and related apicomplex-

an parasites actively invade mammalian cells by

using actin-based motility (18), which also

enables passage across polarized epithelia and

through tissues. Migration is enhanced in type I

strains, and this may contribute to dissemination

and, hence, acute virulence (19). In the present

study, migration was monitored with two in vitro

assays: migration under soft agarose and trans-

migration across polarized epithelia (17, 19).

The progeny from the cross showed correlated

responses for migration (MIG) and transmigra-
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tion (TM) (r = 0.75 linear regression) that ranged

from low levels like those of type III to levels

that exceeded the type I parent (Fig. 1, A and B,

and table S1).

Acute mortality (MOR) of the progeny was

tested in outbred CD1 mice challenged with dif-

ferent doses of parasites by intraperitoneal (i.p.)

inoculation (17). Although the type III parental

strain demonstrated very low cumulative mor-

tality [defined as the number of deaths per num-

ber of animals infected (17)], type I was uniformly

lethal, even at low inocula (Fig. 1C and table S1).

Consistentwith amultigenic trait,mortality caused

by the progeny clones ranged from low levels to

100% (Fig. 1C and table S1). Animals that sur-

vived challenge were subsequently tested for

serological responses to parasite antigens byWest-

ern blot (14, 17). Serum responses (SER) fell into

three distinct categories: negative (not infected),

weak positive, and strong positive (Fig. 1C and

fig. S1). Intracellular growth (GRO) rates for

individual progeny (17) were correlated with

virulence (table S1), which is consistent with pre-

vious observations of the parental lines (20).

Genomewide scans were used to locate

QTLs in the parasite genome that control these

quantitative traits (17). Remarkably, a single

strong primary association was detected for each

of the MIG, TM, MOR, and SER phenotypes,

which were clustered at the same region of para-

site chromosome VIIa (chr VIIa) (P < 0.001)

(Fig. 2A). A major component of GRO also

mapped to the same segment of chr VIIa, al-

though with lesser statistical significance (Fig.

2A). Secondary associations for MOR and SER

were also noted on chr Ia, and for GRO on chr

XI and XII (Fig. 2A) (17). Analyses of two-

locus interactions for SER and MOR showed a

significant interaction only for the QTLs on VIIa

and Ia (Fig. 2A). When we controlled for the

major QTL for MOR/SER statistically (17), sec-

ondary scans did not reveal any other major

peaks contributing to these phenotypes. The ex-

tremely strong support for the highly clustered

QTLs on chr VIIa indicates that a few closely

linked genes determine virulence.

Fine mapping of the QTLs on chr VIIa was

aided by isolation of additional recombinant

progeny (17). The primary MOR/SER QTL

mapped to a region spanning the CS3 to ST3921

markers with a peak at marker ST3921 (Fig. 2B

and table S2). MIG and TM mapped to a broad

region of chr VIIa between genetic markers

CS12 and CS11 (Fig. 2B), with a peak at mark-

ers ST4000 and ST1107 that lie within 28 kilo-

bases (kb) of each other (table S2). Smaller

secondary peaks were also observed for MIG

and TM, and these partially overlapped with the

major SER/MORQTL (Fig. 2B). These findings

indicate that a broad QTL on chr VIIa contrib-

utes to MIG/TM, and a second sharper QTL

controls MOR/SER (Fig. 2B).

Pinning the QTLs to the sequenced genome

scaffolds identified corresponding genomic re-

gions and candidate genes that may control these

phenotypes (Fig. 2B and table S2). TheMIG/TM

QTL contains several excellent candidate genes

that may mediate enhanced migration, includ-

ing two formin homology domain proteins, a

calcium-dependent protein kinase (CDPK), and

a unique myosin VI–like gene known as MyoK

(table S2). The traits MOR/SER map to a dis-

tinct QTL of 140 kb containing 21 genes (Fig. 2B

and table S2), representing a 10-fold improve-

ment in resolution over previous mapping of

this QTL (14). Analysis of the 21 genes in this

region with the extensive expressed sequence

tag (EST) database for T. gondii (21, 22) re-

vealed that only ROP18 contained abundant type

I polymorphisms. ROP18 is a member of a

family of parasite proteins that are secreted from

apical organelles called rhoptries (23). The type

III and type I alleles of ROP18 differed at 78

positions in a total of 541 residues (~14%) (fig.

S2A), compared with the typical ~1% divergence

between lineages (2, 3). Microarray and quantita-

tive real-time fluorescence polymerase chain

reaction (QPCR) analyses indicated that only

ROP18 showed significant differences in ex-

pression; type III was almost undetectable

Fig. 1. Phenotypic analysis of virulence traits in T. gondii. (A) Migration
under soft agarose (17) for the parental strains and the progeny in rank
order. (B) Transmigration across MDCK monolayers in vitro (17). (C)
Cumulative percent mortality in CD1 mice (17). Black boxes, 100%
mortality. Serology responses (17) in surviving mice: negative, red; weak
positive, yellow; and strong positive, green. See fig. S1 and table S1.
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Fig. 3. Localization and
homology modeling of
ROP18 in T. gondii. (A)
Diagram of ROP18-I Ty
construct. Western blot
analysis of ROP18-I trans-
formant clones (K1, V1)
versus control transformant
(Ctl) (17). (B) Immuno-
fluorescence localization of
ROP18-I in transformant
(V1 clone) vs. control (17).
ROP18-I (green) was
secreted into early PVs
and into vesicles in the
cytosol (arrows). In late
PVs, ROP18-I accumulated
in the rhoptries of mature
daughter cells. Rhoptry
marker ROP1 (red), nuclei
stained with DAPI (4´,6´-
diamidino-2-phenylindole)
(blue). Scale bars, 5 mm.
(C) Immuno–electron mi-
croscopy localization of
ROP18-I in rhoptries (R)
but not micronemes (M)
or the nucleus (N) (17).
ROP18-I was secreted into
the PV (arrowheads in right
image). Scale bars, 200 nm. (D) Homology model of ROP18-I (blue) based on Tao2 kinase (yellow) (17). (E) Conserved active site residues in PKCa and
ROP18-I kinase domains.

Fig. 2. Genomewide QTL scans for virulence phenotypes. (A)
Migration, transmigration, mortality, and serum response
mapped to chr VIIa. Growth mapped to chr VIIa and chr XI;
the chr XII peak is attributable to effects of drug-resistance
mutations (17). Markers are equally spaced, except chr VIIa,
which is plotted by physical scale. Chromosome names listed
at the top. Dotted lines indicate significance levels; red lines,
log likelihood plots; blue lines, 95% confidence intervals (17). (B) Fine
mapping of QTLs on chr VIIa and positioning on the genome scaffolds.
Mortality (MOR) and serum response (SER) showed an overlapping
peak at CS3 to ST3921. MIG and TM mapped to a broad region with a

peak at ST4000 to ST1170. Markers (black bars) are listed below the
sequenced genome scaffolds (gray rectangles with TGG scaffold num-
bers) and their corresponding positions are shown in centimorgans on
the x axis.
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relative to type I (fig. S2, B and C). The high

polymorphism and dramatic difference in ex-

pression indicate that ROP18 is the basis for the

dramatic difference in acute virulence.

To evaluate the contribution of ROP18 to

virulence, we expressed an epitope-tagged copy

of the type I allele (ROP18-I) in the wild-type III

strain CTG, which effectively provides a null

background. Two transformants expressing Ty

epitope–tagged ROP18-I were selected for

comparison with a control expressing only the

selectable marker (Fig. 3A). QPCR revealed that

ROP18-Iwas expressed in the transgenic lines at

levels comparable to those of the wild-type I

strain (fig. S2C). Ty epitope–tagged ROP18-I

was found in early parasitophorous vacuoles

(PVs), where it overlapped with the rhoptry

marker ROP1, and in vesicular structures in the

host cell cytosol (Fig. 3B, arrows). Cryoimmuno–

electron microscopy confirmed that ROP18

was found in rhoptries and released into the

PV (Fig. 3C and fig. S3). In the presence of

cytochalasin D, which allows apical secretion

but blocks parasite entry (17, 24), ROP18-I was

secreted abundantly into the host cell cytosol

(fig. S4), as are other rhoptry proteins (24).

Previous studies have indicated that ROP2 (25)

and ROP5 (26) are exposed to the host cell

cytosol, which suggests that after secretion into

the host cell and targeting to the PV, ROP18 is

also in direct contact with the host cell.

To evaluate the contribution of ROP18 to

growth, we measured the intracellular replica-

tion of ROP18-I transformants in vitro. Expres-

sion of ROP18-I in the slower-growing type III

CTG strain led to a twofold increase in the aver-

age number of parasites per vacuole (Fig. 4A).

When extrapolated over an 8- to 10-day period,

this difference could account for the much

higher tissue burdens following in vivo infection

with virulent type I strains (6, 7). Consistent with

this, challenge of outbred CD1 mice with CTG

transformants expressing ROP18-I revealed a 4

to 5 log increase in virulence when compared

with the wild-type III CTG strain (Fig. 4B).

Collectively, these results establish that expres-

sion of the type I allele of ROP18 in the non-

virulent type III background is sufficient for

conferring acute virulence of T. gondii. In an

accompanying report, Saeij et al. demonstrate

that ROP18 also contributes to differences in

pathogenesis between the less-virulent type II

and III strains.

ROP18 is related to the ROP2 subfamily of

rhoptry proteins that share a conserved serine-

threonine protein kinase domain (27). All of

the conserved residues important for serine-

threonine kinase activity are present in ROP18

and homology modeling revealed that ROP18

contains a typical kinase domain fold, complete

with a highly conserved catalytic active site (17),

similar to the serine-threonine kinases Tao2 and

protein kinase Ca (PKCa) (Fig. 3, D and E). To

test the role of kinase activity in the phenotype

conferred by ROP18, a point mutation dis-

rupting kinase activity (Asp394Ala) (28) was

expressed as a stable transgene in T. gondii

(fig. S5). Type III transformants carrying the

Asp394Ala mutation of ROP18-I did not show

enhanced growth and remained avirulent (Fig.

4B), which demonstrated that ROP18 requires

kinase activity for mediating enhanced viru-

lence. Although all three alleles of ROP18 con-

tain the highly conserved active-site residues, the

type III allele contains significant changes that

may alter substrate binding, regulation, or activity

(fig. S2A).

Collectively, our data suggest that, after sec-

retion into the host cell, ROP18 kinase acts on a

cellular target to enhance parasite infection.

Consequently, ROP18 is a prime candidate for

mediating previously reported alterations in host

cell signaling (29), prevention of apoptosis (30),

and altered gene expression (31), in T. gondii–

infected cells. Although ROP18 is the major

factor controlling acute mortality, ROP18-I

transformants did not show enhanced migration

(fig. S6), which indicates that other nearby genes

mediate this phenotype. The close linkage of

these QTLs on chr VIIa is consistent with co-

adaptation. In the current highly clonal T. gondii

population structure (2, 3), these coinherited

QTLs may underpin the shared acute virulence

of type I strains and may also contribute to

pathogenesis in strains with mixed or exotic

genotypes, which have been implicated in severe

ocular toxoplasmosis (11, 12).

Our findings identify a major role for ROP18

in mediating pathogenesis in T. gondii and sug-

gest that both expression level and allelic differ-

ences contribute to acute virulence. Conserved

serine-threonine kinase domains are found in a

variety of other rhoptry proteins in T. gondii (27)

and also in secretory proteins in Plasmodium

(32), which implicates secretion of effector pro-

teins into the host cell as a general mechanism of

virulence in eukaryotic pathogens.
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Fig. 4. Enhanced intracellular growth and virulence of ROP18-I
transformants in mice. (A) ROP18-I transformants grew more
rapidly, which led to larger vacuole sizes (*) and an average of
two times as many parasites per vacuole at 40 hours post
infection. (B) Mouse survival curves for parental and ROP18-I
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Polymorphic Secreted Kinases

Are Key Virulence Factors

in Toxoplasmosis
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The majority of known Toxoplasma gondii isolates from Europe and North America belong to three
clonal lines that differ dramatically in their virulence, depending on the host. To identify the
responsible genes, we mapped virulence in F1 progeny derived from crosses between type II and
type III strains, which we introduced into mice. Five virulence (VIR) loci were thus identified, and
for two of these, genetic complementation showed that a predicted protein kinase (ROP18 and ROP16,
respectively) is the key molecule. Both are hypervariable rhoptry proteins that are secreted into
the host cell upon invasion. These results suggest that secreted kinases unique to the Apicomplexa are
crucial in the host-pathogen interaction.

T
oxoplasma gondii is an obligate intra-

cellular parasite capable of infecting a

wide variety of warm-blooded animals.

Infections are widespread in humans and can

lead to severe disease in utero or in individuals

with a suppressed immune system. The major-

ity of European and North American isolates

belong to three distinct clonal lines, referred to

as types I, II, and III (1, 2). Types I and III ap-

pear to be the result of just one or two matings

between an ancestral type II strain and, respec-

tively, one or other of a pair of closely related

strains that are distinct from type II (3–6). The

three major Toxoplasma lines differ in a number

of phenotypes (7), the best described of which is

virulence in mice: type I strains are the most

virulent with a lethal dose (LD100) of one

parasite (8, 9), whereas types II and III have

values for median lethal dose (LD50) that range

from 102 to 105. There may also be differences

in the virulence of the three strains in humans

(10–12).

Previously (3), we demonstrated that a cross

between a type II and a type III strain produced

F1 progeny (S23 and CL11) that were more

virulent (up to 3 logs) than 14 of their siblings (3).

Because only two of the 16 progeny showed this

difference, it was likely that multiple loci con-

trolled virulence in these strains, and to identify

these loci, we phenotyped 23 additional recom-

binant F1 progeny from II × III crosses (13, 14).

Progeny with high virulence were identified by

infecting mice with 100 tachyzoites; progeny

with very low virulence were identified by in-

fecting mice with 100,000 parasites.

The parental type III clone was significantly

less virulent than the parental type II clone, and

among the recombinant progeny, a range of

distinct phenotypes was observed (table S1).

Injection of 100 parasites of some progeny (in-

cluding strain S23 described above) resulted in

uniform acute mortality in mice. There was also

a large class of avirulent clones, unable to kill

mice even when injected at the high dose

(100,000) (table S1). The log-likelihood of as-

sociation of virulence phenotypes with genet-

ic markers was analyzed for three different

phenotypes: (i) “high-dose survivability” (log10
of the survival time after injection of 100,000

parasites); (ii) “avirulence,” a binary trait de-

fined as no mortality at any dose; and (iii) “low-

dose survivability” (log10 of the survival time

after injection of 100 parasites). In the initial

genome scan (15), two quantitative trait loci

(QTLs) were identified: one that was highly

significant at the left end of chromosome XII

(VIR1) and one of borderline significance on

chromosome X (VIR2) (Fig. 1A). A high log-

arithm of odds (LOD) score in such analyses, as

seen for the chromosome XII QTL, can obscure

the contribution of other loci, especially when

the number of progeny being analyzed is lim-

ited. When the variance associated with the

QTL at the beginning of chromosome XII was

fixed as a covariate, three additional QTLs emerged

as significant (Fig. 1B): one each on chromo-

somes VIIa (VIR3), VIIb (VIR4), and toward the

right end of chromosome XII (VIR5). (See table

S2 for a complete summary of all QTLs and their

effects.)

Although the genomic regions spanned by

the detected QTLs are large [~1 megabase (Mb)],

we identified candidate genes on the basis of

predicted coding function (16, 17), amount of

polymorphism (5), and gene expression infor-

mation [expressed sequence tags (EST) frequencies

(18) and microarray data (this study)]. Of par-
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ticular interest were polymorphic genes whose

products were predicted to interact with the host

(i.e., expected to be secreted into and/or beyond

the parasitophorous vacuole) and with differ-

ences in expression between the type II and type

III strains.

The VIR3QTL spans a maximum of ~1.1Mb

within which there are 140 predicted proteins

(16, 17). ROP18 stood out as the strongest

candidate gene within this interval for a number

of reasons. First, it has high homology to the

ROP2 family of serine-threonine protein kinases

in Toxoplasma, which are released from spe-

cialized apical secretory organelles, called

rhoptries, that are unique to the Apicomplexa.

Second, ROP18 was previously identified in our

laboratory as part of the rhoptry proteome

[ROP2L2 of (19)] and has recently been con-

firmed to be a functional kinase (20) that ends

up in the parasitophorous vacuole after host cell

invasion (20, 21). Third, expression levels of

ROP18 are very different between strains: Initial

microarray results indicated that strains having

the type III allele expressed significantly less

mRNA than those with a type II allele, and

quantitative polymerase chain reaction (QPCR)

showed this difference to be on the order of

10,000-fold (Fig. 2A and fig. S3A). Analysis of

the F1 progeny showed that this difference

cosegregates with the VIR3 QTL (fig. S1; peak

LOD score 4.5, P < 0.01). Sequencing the entire

ROP18 gene (including promoter regions) and

comparing type I, II, and III strains revealed

that type III strains have a 2.1-kb sequence

inserted 85 bp upstream of the ATG start codon,

which is not present in type I or type II ROP18,

or anywhere else in the only fully sequenced

Toxoplasma genome (from a type II strain) (16, 17).

It seems likely that this insertion (relative to types

I and II) in the 5′-untranslated region (UTR)–

promoter of the type III ROP18 allele is involved

in the major difference in expression of this locus

in type III strains, although this has not been

directly tested. Last, ROP18 is found in a ge-

nomic span that is generally dominated by type

II–specific single-nucleotide polymorphisms

(SNPs) on the basis of polymorphism maps

derived fromESTsequences (5) and, as predicted

by this, the type II ROP18 allele [(16) Gene

model 20.m03896] has 11 (0.66%) SNPs in the

coding region relative to types I (GenBank

accession number CAJ27113) and III (GenBank

accession number EF092842) (Fig. 2B). Super-

imposed on this expected level of polymorphism,

however, is a completely unexpected and

extremely large number (85; 5.0%) of type

III–specific SNPs (64 of which result in amino

acid changes) (Fig. 2B).

To determine whether ROP18was in fact the

VIR3 QTL, we introduced a type II (ME49)

allele of ROP18 into an avirulent type III back-

ground (CEP). This was done by cloning the

type II gene (with 588 bp of endogenous pro-

moter and the complete coding region) in frame

with a C-terminal hemagglutinin (HA) tag. HA-

specific antibody immunofluorescence on the

resulting parasites revealed the presence of

ROP18-HA in the rhoptries as expected (Fig.

2C), and also in vacuole-like structures within

the host cell early after infection (Fig. 2D),

similar to those previously observed for other

rhoptry proteins (22). In BALB/c mice, these

type III:ROP18II parasites were at least 4 logs

more virulent than the wild type strain (Fig. 3).

A second, genetically distinct type III:ROP18II
clone (from a different transfection than the clone

described in Fig. 3) was isolated that had

similarly enhanced virulence in mice.

It is likely that the differences in the expres-

sion levels of ROP18 are enough to account for

the large difference in virulence between type

III:ROP18II and the wild-type line (CEP), and

ROP18 levels were about eight times as high in

the virulent type III:ROP18II as in a type II strain

(fig. S3). However, the large number of poly-

morphisms in the type III coding region could

also play a role, and future experiments using

strains with allelic replacement of coding and/or

promoter sequences will distinguish between

these possibilities. Consistent with the results

presented here, a separate study examining

progeny from a cross between types I and III to

determine the genetic basis for the extreme

virulence of type I strains, Taylor et al. (21)

found that expression of the type I ROP18 allele

in an avirulent type III strain also dramatically

increases virulence in mice. These data confirm

that ROP18 is indeed a virulence gene and is

likely the genetic basis for the virulence QTL on

chromosome VIIa that was identified in both

studies (9, 21).

VIR4 falls within a 0.55-Mb interval on

chromosomeVIIb.Within this candidate region,

one locus, ROP16, immediately stood out be-

cause of its extreme variability [the type II allele

has 39 nonsynonymous SNPs compared with

types I and III in ~2100 bp of coding sequence

(23)], its status as a rhoptry protein kinase (and

thus likely injected during invasion), and our

recent results demonstrating that this rhoptry

protein kinase is injected into the host cell cy-

tosol and is involved in the strain-specific dif-

ferences in induction of interleukin 12 (IL-12)

secretion by mouse macrophages (23) [IL-12 is

well known to be key in Toxoplasma patho-

genesis (24, 25)]. To test whether ROP16 was

indeed the VIR4 QTL, we introduced either a

type III or a type I allele of ROP16 into a type II

strain. Both alleles were pursued because our

previous studies indicated that the type II allele

is recessive (loss of function) to both the type I

and type III alleles, and the type I and type III

alleles have only three nonsynonymous SNPs

Fig. 1. Genetic mapping of
virulence phenotypes of F1
progeny from II × III crosses.
BALB/c and CBA/J mice were
infected with 100,000 or 100
tachyzoites from 40 different
F1 recombinant progeny from
II × III crosses, and mortality
was recorded daily for 40 days.
As there were no significant
differences between the two
different mouse strains, results
were pooled. Three phenotypes
are represented: (i) “high-dose
survivability,” log10 survival
time (in days) after injection
of 100,000 parasites (black
line); (ii) “avirulence,” a binary
trait defined as no mortality at
any dose (red line); (iii) “low-dose survivability,” log10 survival time (in days)
after injection of 100 parasites (blue line). Plots indicate the log-likelihood
association of phenotypes with markers aligned across the genome. Marker
positions (in cM) are given by tick marks. Significance levels determined by 1000
permutations are indicated by horizontal lines [upper lines are significant; lower

line is suggestive (P = 0.1)]. Because the significance levels for all three of the
phenotypes differed by less than 0.1 LODunit, only one significance line is drawn
for all three. (A) Primary genome scan (see text). (B) Secondary genome scan
after the effect of the major virulence peak on chromosome XII, evident in (A)
and cosegregating with the SAG3marker, is neutralized bymaking it a covariate.
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between them (23). The engineered strains were

injected into mice, and virulence was compared

with that of parental type II. The results (Fig. 4)

show a substantial decrease in virulence in the

strains carrying either the type I or the type III

transgene. This is consistent with our QTL

analyses, which indicate that the type III allele

is associated with lower virulence (table S1).

Obtaining two genetically distinct clones (type

II:ROP16I and type II:ROP16III) with identical

virulence phenotypes argues against finding the

insertion site of the DNA construct to be

responsible for the drop in pathogenicity.

The results presented above strongly support

the idea that polymorphic rhoptry kinases

provide the genetic basis for two of the virulence

QTLs mapped here. The identities of the genes

contributing to the other three VIR loci are not

yet known: None had a candidate gene as

compelling as ROP16 and ROP18 (see supple-

mentary results for a discussion of the other

three loci). In no case do any of the five VIR loci

appear to mediate virulence through an en-

hancement in growth, because no significant

growth phenotype was seen for any of the F1
progeny strains reported here, with the notable

exception of CL15 which, as reported previous-

ly, has a substantial growth retardation (3).

Furthermore, simple growth rate is not likely

the basis of the virulence differences, because

the parental type III strain has a slight growth

advantage compared with the ME49 strain

despite its being less virulent (26). ROP18 has

recently been shown to be an active kinase

Fig. 2. Expression level, polymorphism analysis, and localization of ROP18. (A) Expression level of
ROP18 in the parental lines (type II, ME49, and type III, CEP) and 18 F1 progeny. Data are
displayed as fold-difference relative to the type III parent. The genotype for each of the F1 progeny
at the ROP18 locus is indicated by the bar color (white or black). (B) Variation in the percentage of
type I, II, and III SNP polymorphisms across chromosome VIIa. The entire chromosome was divided
into 10-kb windows, and the number of SNPs of each type in each window [based on EST
assemblies; see (5)] was divided by the number of sites with data from all three strains to compute
a polymorphism percentage. The number of each polymorphism type in the ROP18 coding region is
also shown. *Accession number AM075204 (28). **Downloaded from (16) (Gene model 20m.03896).
(C) Immunofluorescence assay of type III:ROP18II showing HA-specific staining (green) of HA-tagged
ROP18 colocalizing with the rhoptry marker ROP2/3/4 (red) in human foreskin fibroblasts 40 hours post
inoculation. (D) Immunofluorescence assay of type III:ROP18II showing HA-specific staining of tagged
ROP18 in human foreskin fibroblasts 2 hours post inoculation. Punctate staining indicates the location
of ROP18-HA that has been secreted into the infected host cell (22). Color scheme same as in (C).

Fig. 4. Effect of expressing the type I and III
strain allele of ROP16 in the type II Prugniaud
strain (PRUDhxgprt) on virulence in mice. Mice
were infected intraperitoneally with 5000
tachyzoites of type II (PRUDhxgprt) or an
engineered version expressing an HA-tagged
copy of the ROP16 allele from the type III CEP
strain (type II:ROP16III) or the type I RH strain
(type II:ROP16I). For PRUDhxgprt, 24 mice were
used, 10 for type II:ROP16III, and 14 for type
II:ROP16I. Infections were verified in all the
survivors on the basis of the presence of
Toxoplasma-specific antibodies. Results from
three independent experiments were pooled.

Fig. 3. Effect of expressing
the type II allele for ROP18 in
a type III strain background
(CEP) on virulence in mice.
Mice were infected intra-
peritoneally with either
CEPDhxgprt complemented
with HXGPRT alone (CEP*) or
CEP parasites complemented
with the type II allele for
ROP18 along with 588 bp
of upstream sequence (type
III:ROP18II). Infections were
verified in all the survivors
based on the presence of
Toxoplasma-specific anti-
bodies, and only seropositive survivors are represented on the graph. Ten mice were used for all strain
and dose combinations except for type III:ROP18II-100 (eight mice) and type III:ROP18II-10 (seven mice).
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capable of phosphorylating a parasite protein of

unknown identity (20), and ROP16 has all of the

key residues known to be crucial for kinase ac-

tivity (23). In the case of ROP16, we have re-

cently reported that its expression impacts

several host transcription pathways, including

those mediated by STAT3/6 (23). Available

evidence, however, suggests that neither STAT3

nor STAT6 is a direct substrate of this kinase,

although both are differentially phosphorylated

depending on the allele of ROP16 present in the

infecting strain (23). Identification of the phys-

iological substrates for ROP16 and ROP18 will

yield great insights into their function.

The extreme sequence divergence observed

for ROP16 and ROP18 could be a result of

immune selection, but it is striking that these

proteins are substantially more different among

the three strains than the major surface antigens,

SAG1 and SAG2 (3), which are highly immu-

nogenic (at least in terms of antibodies) and thus

are likely to represent an extreme for targets of

selective pressure. It could be that ROP16 and

ROP18 are subject to immune pressure by Tcell

responses rather than by antibodies (the major T

cell antigens of Toxoplasma are not known, but

the presence of ROP16 and ROP18 within the

infected host cell would make them readily

available for antigen presentation). For ROP18,

pairwise comparisons of nonsynonymous to syn-

onymous SNPs among the three alleles suggests

that selection is operating on type I and type II

ROP18. All 28 SNPs between them result in

amino acid changes; the ratio of nonsynony-

mous nucleotide substitutions to synonymous

nucleotide substitutions (Ka/Ks) is 4.6 (27) (fig.

S2B). It is less clear how much selection has

operated on the type III allele, where 20 of the

85 SNPs specific to this strain are synonymous,

which gives Ka/Ks values closer to 1.0 [a ratio

expected under a neutral selection model (fig.

S2B); Ka/Ks = 1.7 and 1.3 versus type I and

type II alleles, respectively]. It is possible that

the very low expression of ROP18 in type III

strains makes type III ROP18 a “null” allele that

can more readily accumulate random mutation,

although the level of variation in this allele is so

atypical for this strain and genomic region (Fig.

2B) (5) that both positive selection and neutral

drift may have operated on this allele over time.

It will be key to sequence the ROP18 gene in

other T. gondii isolates to determine the range of

selective pressure at this locus in the population.

Finally, instead of immune pressure, another

possibility is that at least some of the sequence

divergence of these genes could be a result of

optimization for interaction with specific proteins

(e.g., their substrates) in one or more hosts that are

central to their transmission. It is difficult to predict

what those hosts are or were but Mus spp. has

probably not played that role for all three strain

types, given the very different allele-specific

interactions described here. Rather, other species

of rodents or birds that are central to the parasite’s

transmission, perhaps in distinct parts of the world,

could be the true, evolutionarily relevant hosts in

which selection for different versions of these key

genes occurred.

References and Notes

1. D. K. Howe, L. D. Sibley, J. Infect. Dis. 172, 1561

(1995).

2. M. L. Darde, B. Bouteille, M. Pestre-Alexandre, J. Parasitol.

78, 786 (1992).

3. M. E. Grigg, S. Bonnefoy, A. B. Hehl, Y. Suzuki,

J. C. Boothroyd, Science 294, 161 (2001).

4. T. Lehmann, C. R. Blackston, S. F. Parmley, J. S.

Remington, J. P. Dubey, J. Parasitol. 86, 960 (2000).

5. J. P. Boyle et al., Proc. Natl. Acad. Sci. U.S.A. 103,

10514 (2006).

6. C. Su et al., Science 299, 414 (2003).

7. J. P. Saeij, J. P. Boyle, J. C. Boothroyd, Trends Parasitol.

21, 476 (2005).

8. L. D. Sibley, J. C. Boothroyd, Nature 359, 82 (1992).

9. C. Su, D. K. Howe, J. P. Dubey, J. W. Ajioka, L. D. Sibley,

Proc. Natl. Acad. Sci. U.S.A. 99, 10753 (2002).

10. D. K. Howe, S. Honore, F. Derouin, L. D. Sibley, J. Clin.

Microbiol. 35, 1411 (1997).

11. S. Honore et al., Pathol. Biol. (Paris) 48, 541 (2000).

12. J. C. Boothroyd, M. E. Grigg, Curr. Opin. Microbiol. 5,

438 (2002).

13. A. Khan et al., Nucleic Acids Res. 33, 2980

(2005).

14. L. D. Sibley, J. C. Boothroyd, Mol. Biochem. Parasitol. 51,

291 (1992).

15. Materials and methods are available as supporting

material on Science Online.

16. Toxoplasma database, www.ToxoDB.org.

17. J. C. Kissinger, B. Gajria, L. Li, I. T. Paulsen, D. S. Roos,

Nucleic Acids Res. 31, 234 (2003).

18. L. Li et al., Genome Res. 13, 443 (2003).

19. P. J. Bradley et al., J. Biol. Chem. 280, 34245

(2005).

20. H. El Hajj et al., PLoS Pathogens, in press.

21. S. Taylor et al., Science 314, 1776 (2006).

22. S. Hakansson, A. J. Charron, L. D. Sibley, EMBO J. 20,

3132 (2001).

23. J. P. J. Saeij et al., Nature, in press.

24. P. M. Robben et al., J. Immunol. 172, 3686 (2004).

25. U. Wille, E. N. Villegas, L. Craig, R. Peach, C. A. Hunter,

Infect. Immun. 70, 6940 (2002).

26. L. D. Sibley, A. J. LeBlanc, E. R. Pfefferkorn, J. C. Boothroyd,

Genetics 132, 1003 (1992).

27. W. H. Li, J. Mol. Evol. 36, 96 (1993).

28. H. El Hajj, M. Lebrun, M. N. Fourmaux, H. Vial,

J. F. Dubremetz, Cell Microbiol. published online

10.1111/j.1462-5822.2006.00767.x (2006).

29. This work was supported by grants to J.C.B. from the NIH

(AI21423, AI30230, and AI41014) and the Ellison Medical

Foundation (a Senior Scholar Award); to L.D.S. from the

NIH (AI36629, AI059176); to J.W.A. from the U. K.

Biotechnology and Biological Sciences Research

Council and the Wellcome Trust; to J.P.J.S from the

California Universitywide AIDS Research Program

(F04-ST-216); to S.C. from the California Universitywide

AIDS Research Program (FT-207-ST); and to J.P.B. from the

NIH (F32AI60306). We thank J. D. Dunn for construction of

the pGRA-HA-HPT vector; A. Fouts for help with QPCR;

K. W. Broman for his many helpful suggestions on using the

R/qtl package; P. Bradley and J.-F. Dubremetz for exchange

of unpublished data; E. Pfefferkorn for performing the

original crosses as part of a collaboration on drug

resistance; the U. K. Medical Research Council MRC HGMP

for printing the Toxoplasma microarrays; and M. White,

J. Wootton, and J.-F. Dubremetz for helpful comments on

the manuscript. Preliminary genomic and/or cDNA sequence

data were accessed from ToxoDB.org and/or www.tigr.org/

tdb/t_gondii/. Genomic data were provided by The Institute

for Genomic Research (supported by the NIH grant

AI05093) and by the Sanger Center (Wellcome Trust). EST

sequences were generated by Washington University

(NIH grant 1R01AI045806-01A1). The GenBank accession

number for the ROP18 sequence from the type III strain

CTG is EF092842.

Supporting Online Material

www.sciencemag.org/cgi/content/full/314/5806/1780/DC1

Materials and Methods

SOM Text

Figs. S1 to S3

Tables S1 and S2

References

9 August 2006; accepted 3 November 2006

10.1126/science.1133690

Nitrogen Fixation at 92°C by a

Hydrothermal Vent Archaeon

Mausmi P. Mehta* and John A. Baross

A methanogenic archaeon isolated from deep-sea hydrothermal vent fluid was found to reduce
N2 to NH3 at up to 92°C, which is 28°C higher than the current upper temperature limit of
biological nitrogen fixation. The 16S ribosomal RNA gene of the hyperthermophilic nitrogen fixer,
designated FS406-22, was 99% similar to that of non–nitrogen fixing Methanocaldococcus

jannaschii DSM 2661. At its optimal growth temperature of 90°C, FS406-22 incorporated 15N2 and
expressed nifH messenger RNA. This increase in the temperature limit of nitrogen fixation could
reveal a broader range of conditions for life in the subseafloor biosphere and other nitrogen-
limited ecosystems than previously estimated.

H
ydrothermal fluids venting from unsed-

imented deep-sea mid-ocean ridges are low

in nitrate and ammonia (1), indicating that

the microbial community inhabiting the subseafloor

(2)may be limited by fixed nitrogen.DissolvedN2 is

abundant in hydrothermal vent fluids (3), and

biological nitrogen fixation has been proposed to

explain the depleted 15N/14N ratios of low–trophic

level animals living around hydrothermal vents (4).

The nitrogenase enzyme complex, encoded by the

nifHDK genes, catalyzes nitrogen fixation, i.e., the

reduction of N2 to NH3. Although nifH genes have

been detected in hydrothermal vent fluid (5), no

microorganism isolated from deep-sea vents has, to

our knowledge, been reported to fix nitrogen.Awide
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range of diverse bacteria, and the methanogenic

archaea, are diazotrophic, or capable of nitrogen

fixation (6). The subseafloor at mid-ocean ridges is

bathed in reduced, H2- and CO2-rich hydrothermal

fluid and thus provides an ideal habitat for

methanogens, strict anaerobes that produce methane

as a by-product. The methanogen Methanothermo-

coccus thermolithotrophicus is currently the most

thermophilic microorganism known that fixes nitro-

gen, at up to 64°C (7).Synechococcus ecotypes from

microbial mats also fix nitrogen at up to 63.4°C (8).

Herewe describe the isolation of amethanogen from

deep-sea hydrothermal vent fluid that fixes nitrogen

at up to 92°C, which extends the upper temperature

limit of biological nitrogen fixation by 28°C.

Axial volcano is located in the northeast Pacific,

at the intersection of the Cobb-Eikelberg hotspot and

the Juan de FucaRidge. The upper 100mof oceanic

crust beneath Axial seamount is estimated to have

high porosity (9, 10), and the diverse archaeal

community associated with its subseafloor includes

thermophilic and hyperthermophilic methanogens,

with maximal growth rates from 45° to 80°C and

above 80°C, respectively (11). During the 2004New

Millennium Observatory cruise to Axial volcano,

fluid exiting the subseafloor was sampled from a

diffuse vent named marker 113 (12). The fluid,

which was measured to be 23°C at the point of

sampling, was inoculated into amedium designed to

select for diazotrophs and incubated anaerobically at

70° and90°C.The enrichment cultureswere positive

at both temperatures and transferred into an

antibiotic-containing medium to prevent the growth

of bacteria. The amount of fixed nitrogen in the

medium was reduced over time and then omitted

completely (12).

The archaeal culture, named FS406-22, was

capable of growth from 58° to 92°C with N2 as the

sole source of nitrogen, in a medium containing

marine salts and H2 plus CO2. Maximal growth

occurred at 90°C, and no growthwas detected at 55°

and 95°C (Fig. 1). Agitation of the culture was nec-

essary for growth onN2, and clusters of two ormore

cocci were visible by phase contrast microscopy

during exponential growth. To determine the identity

of FS406-22, we sequenced its 16S ribosomal RNA

(rRNA) gene and found it to be 99% identical to the

16S rRNA gene from the methanogen Methano-

caldococcus jannaschii (fig. S1).M. jannaschii was

isolated from a deep-sea hydrothermal vent chimney

on the East Pacific Rise in a nitrogen-rich medium,

and grows in a temperature range of 50° to 86°C

with an optimum near 85°C (13). Our hydrothermal

vent isolate FS406-22 produced methane, de-

termined by means of gas chromatography (GC).

The specific growth rate of FS406-22 grown with

nitrate and ammonium was 0.37 hour−1 at 90°C,

which is lower than the rate reported for M.

jannaschii at 85°C, which is ~1.5 hour−1 (13).

The nifH gene, which encodes dinitrogenase

reductase, is highly conserved, and its phylogeny is

mostly consistent with that of the 16S rRNA gene.

The nifD and nifK genes encode a molybdenum-

containing dinitrogenase that together with dinitroge-

nase reductase constitutes the nitrogenase enzyme

Fig. 1. Growth rate of FS406-22
grown with N2 as the sole source of
nitrogen, as a function of temper-
ature. The specific growth rate (m) is
the average of three determinations
of growth rate during exponential
phase. Growth was monitored by
epifluorescence microscopy (12).
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Fig. 2. (A) NifH amino acid phylogenetic tree constructed by quartet puzzling maximum likelihood
(12). Cluster 2 includes molybdenum dinitrogenase reductases from methanogens, as well as
alternative vanadium and iron-only dinitrogenase reductases (VnfH, AnfH) from Methanosarcinales
and bacteria. Cluster 4 includes paralogous dinitrogenase reductases that are probably not
involved in nitrogen fixation. The scale bar indicates the number of amino acid substitutions per
site. The tree is outgroup rooted with Plectonema boryanum frxC, a dinitrogenase reductase–like
protein involved in the light-independent reduction of protochlorophyllide. GenBank ID numbers
for tree sequences are listed in table S2, and the alignment is shown in fig. S2. (B) Lanes 1 and 2:
the product of RT-PCR with nifH primers and 2 and 3 ml of RNA extracted from FS406-22 growing
on N2 at 90°C; lane 3: RT-PCR without RNA; lane 4: Hi-Lo DNA ladder; lane 5: nifH PCR with 2 ml of
RNA; lane 6: nifH PCR without RNA. The product in lanes 1 and 2 lies between the 400- and 500-bp
bands of the ladder.
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complex. Cluster 2 of the nifH phylogenetic tree

(Fig. 2A) includes molybdenum nitrogenases

from methanogens, as well as alternative iron- or

vanadium-containing nitrogenases fromMethano-

sarcinales and bacteria (14). Cluster 4 of the nifH

phylogeny consists of paralogous archaeal nitro-

genases that are assumed not to fix nitrogen.

Hydrothermal vent isolate FS406-22 has two

copies of the nifH gene (Fig. 2A), one similar toM.

jannaschii’s divergent copy (15) and another related

to the nifH from M. thermolithotrophicus that is

expressed at 64°C (16). Some of the nifH sequences

previously recovered from deep-sea hydrothermal

vent fluids (5) aremore similar tonifH1 fromFS406-

22 than from M. thermolithotrophicus [Supporting

Online Material (SOM) Text]. While growing at

90°C, FS406-22 expresses nifH1, which we deter-

mined by sequencing the product of the reverse

transcription polymerase chain reaction (RT-PCR)

(Fig. 2B). To confirm that FS406-22 fixes molecular

nitrogen and to estimate its rate of nitrogen fixation,

we performed 15N2 tracer assays at 90°C by

incubating the cultures with 15N2 and determining

the nitrogen isotope ratios of the microbial biomass

with an isotope ratio mass spectrometer (17). The

control culture without added 15N2 had a d
15N of

−4.86 per mil (‰) (versus air), or 0.36 atom %,

which reflects the negative isotopic fractionation that

results from biological nitrogen fixation. The

experimental cultures had d
15N values from 3650

to 4238‰ (versus air), or 1.68 to 1.89 atom%, and

the estimated rate of nitrogen fixation at 90°C by

FS406-22 was 0.30 mmol N2 liter
−1 hour−1 (12). Al-

though biological nitrogen fixation has often been

invoked to explain the low d
15N values of deep-sea

hydrothermal vent fauna compared to nonvent fauna

(18), FS406-22 is the first microorganism isolated

from the deep sea reported to exhibit diazotrophy.

To further characterize the nif operon in FS406-

22, we designed PCR primers for nifD and

sequenced the region downstream of the nifH gene

(Fig. 3). The PII nitrogen sensor proteins, encoded by

nifI1 and nifI2, are responsible for “ammonia switch-

off” or posttranslational regulation of nitrogenase in

Methanococcus maripaludis (19) and were present

in FS406-22. Two additional primers designed for

nifD as well as a primer designed for nifK, based on

those genes fromM. thermolithotrophicus, were not

successful in FS406-22. A phylogenetic tree of

NifI1 andNifI2 proteins from FS406-22 and other

archaea is shown in Fig. 3.

Highly conserved genes such as 16S rRNA can

differ by less than 3%, whereas the prokaryotes they

originate from show much greater genomic and

physiological variation (20). In the case of FS406-22

andM. jannaschii, whose 16S rRNA genes diverge

by only 1%, the former contains a functional nif

operon and fixes nitrogen, whereas the latter does

not. FS406-22 grown with N2 or fixed nitrogen can

grow at 6°C hotter than M. jannaschii, but the

optimal growth rate ofM. jannaschii is four times as

great as that of FS406-22. To perform a rigorous

comparison, however, one would have to cultivate

both organisms under identical conditions, whichwe

have not done.We also sequenced a 1550–base pair

(bp) region of the FS406-22 genome that included

the riboflavin synthase gene (ribC) and a putative

aldehyde ferredoxin oxidoreductase gene (aor) that

was 85% similar to the same stretch of DNA inM.

jannaschii. The cluster 4 nifH2 from FS406-22 was

87% similar to the only nifH fromM. jannaschii at

the nucleotide level and 96% similar at the amino

acid level (Fig. 2A).

The revelation of a hyperthermophilic archaeal

diazotroph may have implications for the evolution-

ary history of nitrogenase. Phylogenetic analysis of

nitrogenase and chlorophyll iron proteins suggests

that an ancestral iron protein duplicated and diverged

into molybdenum and iron-only nitrogenases (nifH

and anfH) before the separation of bacteria and

methanogenic archaea (21). Subsequently, ancient

duplications of nifH gave rise to the chlorophyll iron

proteins, suggesting that nitrogenase predates photo-

synthesis and the rise of atmospheric oxygen (21).

Raymond et al. detail two scenarios for the evolution

of nitrogenase: that it was present in the last universal

common ancestor and then lost in many lineages, or

that it arose later within methanogenic archaea and

was laterally transferred into bacteria (22). Given the

lack of oxygen in the early Earth’s atmosphere (23)

and that nitrogenase is inactivated by O2, the first

nitrogenase probably arose in an anaerobe.

All methanogenic diazotrophs examined, and

several anaerobic bacteria like Chlorobium tepidum,

Dehalococcoides ethenogenes,Heliobacterium chlo-

rum, Clostridium acetobutylicum, and Desulfovibrio

gigas, have the nifI1 and nifI2 genes (24). In all of the

archaeal operons, they are located between nifH and

nifD, and the NifI1 and NifI2 proteins form a

complex that binds directly to dinitrogenase (19).

Because NifI1, NifI2 and GlnB/GlnK constitute all

three subfamilies of the PII nitrogen sensor family

(25), the clusters provide a root for each other in an

unrooted tree containing all three (26). Such phylo-

genetic analyses, as well as molecular evolutionary

studies of other nif genes, all place M. thermolitho-

trophicus on a deep, basal branch (6, 26–28). The

unrooted NifI1 and NifI2 phylogenetic tree in Fig. 3

shows that the FS406-22 and M. thermolitho-

trophicus proteins form a deeply branching group

that is basal to all other archaeal proteins, including

0.1
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Fig. 3. (A) The nif genes sequenced from FS406-22: nifH (807 bp), nifI1 (318 bp), nifI2 (387 bp), and nifD
(141 bp). (B) An unrooted NifI1 and NifI2 amino acid phylogenetic tree determined by quartet puzzling
maximum likelihood (support values listed first) and by the distance-based Fitch-Margoliashmethod (bootstrap
values listed second). The GlnB protein from M. maripaludis is displayed as an outgroup. The maximum-
likelihood branch lengths are shown, and the scale bar indicates the number of amino acid substitutions per
site. GenBank ID numbers for tree sequences are listed in table S3, and the alignment is shown in fig. S3.
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those from alternative nitrogenases. However, the

quartet puzzling support and bootstrap values are not

high enough to rule out alternative topologies. The

maximum-likelihood branch lengths in Fig. 3 sug-

gest that FS406-22 NifI1 and NifI2 are the shortest

distance to the internal node that represents the

ancestral PII protein. A recent reconstruction of the

tree of life with 31 universal gene families supports

the hypothesis that the last universal common

ancestor lived at high temperatures (29).Wepropose

that among diazotrophic archaea, the nitrogenase

fromFS406-22might have retained themost ancient

characteristics, possibly derived from a nitrogenase

present in the last common ancestor of modern life.

References and Notes

1. D. A. Butterfield et al., in The Subseafloor Biosphere

at Mid-Ocean Ridges, W. S. D. Wilcock, E. F. DeLong,

D. S. Kelley, J. A. Baross, S. C. Cary, Eds. (American

Geophysical Union, Washington, DC, 2004), vol. 144 of

Geophysical Monograph Series, pp. 269–289.

2. M. Summit, J. A. Baross, Proc. Natl. Acad. Sci. U.S.A. 98,

2158 (2001).

3. J. L. Charlou et al., Chem. Geol. 171, 49 (2000).

4. G. H. Rau, Nature 289, 484 (1981).

5. M. P. Mehta, D. A. Butterfield, J. A. Baross, Appl. Environ.

Microbiol. 69, 960 (2003).

6. J. P. W. Young, in Biological Nitrogen Fixation, G. Stacey,

R. H. Burris, H. J. Evans, Eds. (Chapman & Hall, New York,

1992), pp. 43–86.

7. N. Belay, R. Sparling, L. Daniels, Nature 312, 286 (1984).

8. A.-S. Steunou et al., Proc. Natl. Acad. Sci. U.S.A. 103,

2398 (2006).

9. L. A. Gilbert, thesis, University of Washington (2004).

10. M. J. Pruis, H. P. Johnson, Geophys. Res. Lett. 29, 1076

(2002).

11. J. A. Huber, D. A. Butterfield, J. A. Baross, Appl. Environ.

Microbiol. 68, 1585 (2002).

12. Materials and methods are available as supporting

material on Science Online.

13. W. J. Jones, J. A. Leigh, F. Mayer, C. R. Woese,

R. S. Wolfe, Arch. Microbiol. 136, 254 (1983).

14. Y.-T. Chien, S. H. Zinder, J. Bacteriol. 176, 6590 (1994).

15. C. J. Bult et al., Science 273, 1058 (1996).

16. N. Souillard, L. Sibold, Mol. Microbiol. 3, 541 (1989).

17. J. P. Montoya, M. Voss, P. Kähler, D. G. Capone, Appl.

Environ. Microbiol. 62, 986 (1996).

18. M. C. Kennicutt II, R. A. Burke Jr., in The Microbiology of

Deep-Sea Hydrothermal Vents, D. M. Karl, Ed. (CRC Press,

Boca Raton, FL, 1995), pp. 275–287.

19. J. A. Dodsworth, J. A. Leigh, Proc. Natl. Acad. Sci. U.S.A.

103, 9779 (2006).

20. G. Rocap et al., Nature 424, 1042 (2003).

21. D. H. Burke, J. E. Hearst, A. Sidow, Proc. Natl. Acad. Sci.

U.S.A. 90, 7134 (1993).

22. J. Raymond, J. L. Siefert, C. R. Staples, R. E. Blankenship,

Mol. Biol. Evol. 21, 541 (2004).

23. J. F. Kasting, J. L. Siefert, Science 296, 1066 (2002).

24. T. Arcondéguy, R. Jack, M. Merrick, Microbiol. Mol. Biol.

Rev. 65, 80 (2001).

25. J. A. Leigh, in Genomes and Genomics of Nitrogen-Fixing

Organisms, R. Palacios, W. E. Newton, Eds. (Springer, the

Netherlands, 2005), pp. 7–12.

26. J. A. Leigh, Curr. Issues Mol. Biol. 2, 125 (2000).

27. Y.-T. Chien, S. H. Zinder, J. Bacteriol. 178, 143 (1996).

28. Y.-T. Chien, V. Auerbuch, A. D. Brabban, S. H. Zinder,

J. Bacteriol. 182, 3247 (2000).

29. F. D. Ciccarelli et al., Science 311, 1283 (2006).

30. We thank S. Bolton, D. Butterfield, W. Chadwick, the

NOAA Vents Program, and the crews of the ROV ROPOS

and R/V Thompson for sample collection and E. Olson for

performing GC work and assistance with 15N2 tracer

assays. Washington Sea Grant (NA 76RG011 9) and the

NASA Astrobiology Institute, through the Carnegie

Geophysical Institute, supported this research. GenBank

accession numbers for FS406-22 sequences are

EF079967 to EF079969.

Supporting Online Material

www.sciencemag.org/cgi/content/full/314/5806/1783/DC1

Materials and Methods

SOM Text

Figs. S1 to S4

Tables S1 to S4

References

6 September 2006; accepted 31 October 2006

10.1126/science.1134772

Greater Disruption Due to

Failure of Inhibitory Control on an

Ambiguous Distractor
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Considerable evidence indicates that a stimulus that is subthreshold, and thus consciously invisible,
influences brain activity and behavioral performance. However, it is not clear how subthreshold
stimuli are processed in the brain. We found that a task-irrelevant subthreshold coherent motion led
to a stronger disturbance in task performance than did suprathreshold motion. With the subthreshold
motion, activity in the visual cortex measured by functional magnetic resonance imaging was higher,
but activity in the lateral prefrontal cortex was lower, than with suprathreshold motion. These results
suggest that subthreshold irrelevant signals are not subject to effective inhibitory control.

W
e experience an overwhelming amount

of visual stimuli. However, a great

number of the stimuli are not con-

sciously perceived (are invisible) for a number of

reasons, including weakness of the stimuli (1, 2),

task irrelevance (3, 4), interference by other stimuli

(1, 5–10), and combinations of these factors.

Nevertheless, an invisible stimulus can influence

brain activity and task performance (1, 2, 10–12).

One would naturally assume that the degree of an

invisible stimulus’s influence is generally weaker

than that of a visible stimulus.

We conducted a series of psychophysical and

functional magnetic resonance imaging (fMRI)

experiments. During each trial of experiment 1,

15 participants were presentedwith a sequence of

eight items (two digits and six alphabetic letters)

at the center of a computer screen. In the back-

ground, a dynamic random-dot (DRD) display

with coherently moving dots (signal) and ran-

domly moving dots (noise) (2, 13–15) was pres-

ented (Fig. 1). The participants were instructed to

focus on and report the two digits. This task is

known as the rapid serial visual presentation

(RSVP) task. The background DRD display was

thus task-irrelevant (16). The ratio of signal dots

to the total number of dots (coherence ratio) was

varied from trial to trial. A higher motion coher-

ence task-relevant condition strongly activates

monkey middle temporal (MT) (17) and human

MT+ (18), which are the visual areas that are

largely specialized for motion processing. These

findings would naturally lead to the prediction

that a higher task-irrelevant motion coherence

stimulus would also produce stronger internal

signals within the visual system, which either

would result in greater disturbance in task per-

formance (2, 19, 20) or would not influence task

performance because of attentional filtering or the

suppression of, if weak, irrelevant signals (21).

Performance with coherent motion ≥20% did

not significantly differ from performance with 0%

coherent motion (Fig. 2A). This is consistent with

the attention-filtering hypothesis (21) in that task-

irrelevant motion coherence signals (at least

≥20%) did not influence task performance.

However, at 5% coherence ratio, performance

was significantly lower than at 0 and 20% coher-

ence ratios. Immediately after the main condition,

we conducted a test to measure motion coher-

ence ratio threshold (16). The participants were

instructed to indicate one of the four coherent

motion directions used in the main condition in a

1Department of Psychology, Boston University, 64
Cummington Street, Boston, MA 02215, USA. 2Athinoula
A. Martinos Center for Biomedical Imaging, Department
of Radiology, Massachusetts General Hospital, Charles-
town, MA 02129, USA. 3Exploratory Research for Advanced
Technology (ERATO) Shimojo Implicit Brain Function Project,
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Fig. 1. Stimulus. A sequence of letters and digits
was presented in the center while dots moved in the
background. The ratio of the number of coherently
moving dots to the total number of randomly
moving plus coherently moving dots was varied
from trial to trial. Arrows represent motion vectors.
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DRD display whose coherent motion ratio was

varied in seven steps from trial to trial. The result

showed that the 5% coherence ratio produced

chance-level performance and therefore can be

considered to be a subthreshold motion ratio

condition (2). Thus, although suprathreshold

task-irrelevant signals (e.g., 20%) were success-

fully filtered out (21), those below but near the

chance-level threshold led to disturbance of task

performance.

In experiment 2, to examine whether the per-

formance dip andmotion coherence threshold are

correlated, we lowered the luminance contrast of

the moving dots (from 65.9 to 2.2 candela/m2) so

that the coherence threshold would considerably

increase, while maintaining the same methods

used in the previous experiment (n = 10

participants). Both the threshold of coherent mo-

tion and the performance dip shifted toward a

higher coherence ratio (Fig. 2B).

There is the possibility that task-irrelevant,

translating coherent motion may induce eye

movements, which could be related to the per-

formance dip. In experiment 3 (n = 6), using the

same method as in experiment 1 except that eye

movements were monitored, the same pattern of

performance was obtained. No systematic dif-

ference was observed in eye-movement patterns

between coherence ratios (16). We also con-

ducted experiment 4 (n = 15) in which signal

dots contracted rather than translated, because

contracting motion does not elicit major eye

movements. Nevertheless, basically the same

pattern of results was obtained, including the

performance dip at the 5% coherence ratio (16).

Thus, it does not seem that eye movements are a

major factor in the performance-dip effect.

In experiment 5, to investigate the underlying

neural mechanism that causes such a paradoxical

effect, we measured fMRI activity in six partic-

ipants, with contracting coherent motion ratios

varied between 0, 5, 10, and 20%. The amount of

activity of MT+, which reflects the strength of

processed motion signals (18), was highest for 5%

coherence (Fig. 3A, red), at which level the

performance dip occurred (Fig. 3A, black). Weak

coherent motion that is around the chance-level

threshold thus strongly activates MT+ and also

impairs task performance. In contrast, the results

of the control condition in whichmotion was task-

relevant (16) show that theMT+ activity (Fig. 3A,

green) and performance increased with increasing

coherence ratio, which is in accord with previous

findings (17, 18). Thus, the performance dip and

highest MT+ activity are related to the fact that

motion was task-irrelevant.

In the lateral prefrontal cortex (LPFC), which

plays an important role in inhibitory control of

inappropriate behavior or irrelevant signals

(22–26), the amount of activity at the 5% coher-

ence ratio showed no significant difference from

that at 0% coherence but was significantly lower

than at the 10 and 20% coherence levels (Fig.

3B, red) (27).

Fig. 2. Results of ex-
periments 1 and 2. (A)
Results of experiment 1.
Mean RSVP task per-
formance (d’) as a func-
tion of the coherence
ratio of background
DRD displays is shown.
d’ at 5% coherence
ratio was significantly
lower than at 0% coher-
ence ratio (P < 0.001,
t test with Bonferroni
correction) and 20% co-
herence (P < 0.001), in-
dicating a performance dip at 5% coherence ratio. Vertical error bars, ±1 SEM. A vertical pink bar represents
the mean chance-level threshold with a horizontal pink bar, ±1 SEM, indicating that 5% coherent motion is
under the chance-level threshold. (B) Results of experiment 2 in which the dot luminance contrast was lower
than in experiment 1. Mean RSVP performance (d’) at 30% coherence ratio was significantly lower than at
20% coherence ratio (P< 0.01) and 40%coherence ratio (P< 0.01). The dip performance (d’) as well as the
chance-level threshold were shifted. The scales of the y axes in (A) and (B) are not identical.

Fig. 3. Results of ex-
periment 5. (A) Aver-
aged BOLD signals for
area MT+ in the condi-
tions in which coherent
motion was task-relevant
(green line) and task-
irrelevant (red line) and
mean RSVP performance
(d’) in the task-irrelevant
condition (black line) are
shown. In the task-relevant
condition, BOLD signals
at 0% coherence ratio
were significantly lower
than at 5% (P < 0.05),
10% (P < 0.05), and 20% (P < 0.05) coherence ratios. BOLD signals in the task-irrelevant condition and
RSVP performance show clear symmetric patterns, as indicated by an arrow. Vertical error bars, ±1 SEM for
each condition. (B) Averaged BOLD signals for area LPFC in the condition in which coherent motion was
task-relevant (green line) and -irrelevant (red line). In the task-irrelevant condition, BOLD signals at the 5%
coherence ratio were significantly lower than those at the 10 and 20% ratios (P< 0.05 for both) but showed
no significant difference from those at 0% coherence ratio. Vertical error bars, ±1 SEM for each condition.

Fig. 4. Schematic illustration of the hypothe-
sized bidirectional interactions between the LPFC
and MT+. (A) No significant difference between
the LPFC activity at 0 and 5% coherence ratios
in experiment 5 suggests that the LPFC fails to
notice 5% coherent motion signals from MT+
(left dotted flow line). Thus, the LPFC does not
provide direct or indirect effective inhibitory
control on MT+ (right dotted flow line). Activity
in MT+ determines the engagement of the LPFC,
which in turn determines inhibitory control on
MT+ signals. (B) Significantly higher LPFC
activity at the 10% coherence ratio than at the
0% coherence ratio in experiment 5 suggests
that the LPFC-noticed 10% coherent motion
signals from MT+ (left solid flow line) provide
direct or indirect inhibitory control (right solid
flow line) on MT+. This observed relationship
between the LPFC and MT+ is in accord with the
observed high negative correlation between task-
irrelevance–related activity in the LPFC and MT+
over the four coherence ratios (28).
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How is the LPFC activity related to the ac-

tivity in MT+ in the task-irrelevant condi-

tion? The correlation coefficient between the

task-irrelevance–related activity (28) in MT+

and the LPFC was –0.90. This is in accord with

the view that when the LPFC is activated, it

provides direct or indirect inhibitory control on the

activity of MT+.

One might think that the low performance at

the 5% coherence ratio was obtained because,

despite the instructions to focus on RSVP task

performance, the participants may have tried to

find a coherent motion direction or to detect

whether coherent motion was presented. If these

motion tasks are difficult, they may leave fewer

resources available for the RSVP task. However,

this is not likely. If the participants engaged in

the search for motion direction, this task should

be hardest at 0% coherence and therefore, the

lowest RSVP performance should have occurred

at 0% and not at 5% coherence. Second, if the

participants engaged in motion detection, this

task should be hardest at 5% coherence because

indecision may be greatest near the coherent

motion threshold, and thus in accordance with

the observed RSVP performance result. How-

ever, the lowest blood oxygen level–dependent

(BOLD) activity was observed at 5% coherence

ratio in the LPFC and cannot be directly

explained by this possibility.

The results of the present study demon-

strate two important points. First, a weak task-

irrelevant stimulus feature that is below but near

the perceptual threshold more strongly activates

the visual area (MT+) that is highly related to the

stimulus feature and more greatly disrupts task

performance. There was a tendency for activity

in the posterior occipitotemporal sulcus (pOTS)

(29, 30) and the left angular gyrus (31), which

are sensitive to letters and words and may be

related to the RSVP task, to be lower at the 5%

coherence than at the other coherent motion

ratios. This contradicts the general view that ir-

relevant signals that are stronger in stimulus

properties have a greater influence on the brain

and performance and that the influence of a

subthreshold stimulus is smaller than that of a

suprathreshold stimulus.

Second, the results may reveal important

bidirectional interactions between a cognitive

controlling system and the visual system. The

LPFC, which has been suggested to provide

inhibitory control on task-irrelevant signals

(22–26), may have a higher detection threshold

for incoming signals than the visual cortex.

Task-irrelevant signals around the threshold

level may be sufficiently strong to be processed

in the visual system but not strong enough

for the LPFC to notice and, therefore, to pro-

vide effective inhibitory control on the signals

(Fig. 4A). In this case, such signals may remain

uninhibited, take more resources for a task-

irrelevant distractor, leave fewer resources for a

given task (32, 33), and disrupt task performance

more than suprathreshold signals. On the other

hand, suprathreshold coherent motion may be

noticed, may be given successful inhibitory con-

trol by the LPFC, and may leave more resources

for a task (Fig. 4B) (22–26). This mechanism

may underlie the present paradoxical finding

that subthreshold task-irrelevant stimuli activate

the visual area strongly and disrupt task perform-

ance more than some suprathreshold stimuli.

It could also be one of the reasons why sub-

threshold stimuli often lead to relatively robust

effects (2, 11, 14).
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Maternal Oxytocin Triggers a Transient

Inhibitory Switch in GABA Signaling in

the Fetal Brain During Delivery
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We report a signaling mechanism in rats between mother and fetus aimed at preparing fetal
neurons for delivery. In immature neurons, g-aminobutyric acid (GABA) is the primary excitatory
neurotransmitter. We found that, shortly before delivery, there is a transient reduction in the
intracellular chloride concentration and an excitatory-to-inhibitory switch of GABA actions. These
events were triggered by oxytocin, an essential maternal hormone for labor. In vivo administration
of an oxytocin receptor antagonist before delivery prevented the switch of GABA actions in fetal
neurons and aggravated the severity of anoxic episodes. Thus, maternal oxytocin inhibits fetal
neurons and increases their resistance to insults during delivery.

D
elivery is a stressful event associatedwith

high risks to the fetal brain (1); however,

whether the fetal brain prepares for

delivery remains largely unknown. We addressed

this issue by studying g-aminobutyric acid

(GABA)–mediated (GABAergic) signaling in the
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rat hippocampus. GABA is the principal inhibitory

neurotransmitter in the adult brain. However,

during fetal and postnatal periods GABA has a

depolarizing action (2–4) and provides the major,

and often the only, excitatory synaptic input to

immature neurons (5). Excitatory action of GABA

is due to elevated intracellular chloride and de-

polarized value of the GABA type A (GABAA)

reversal potential (EGABA) (6–10). Excitatory

GABA is pivotal in control of neuronal firing,

generation of the primitive patterns of activity,

intracellular calcium signaling, and neuronal

development (2, 3). GABA signaling is therefore

expected to be an essential element in physiolog-

ical adaptation to stress during delivery.

To characterize the properties of GABA sig-

naling during the perinatal period, we used cell-

attached recordings from fetal and neonatal rat

hippocampal slices [from embryonic day (E) 18 to

postnatal day (P) 5; term is E21] (11). During fetal

(E18 and E19) and postnatal periods (P1 to P5),

activation of GABAA receptors increased the firing

of action potentials in the majority of CA3

pyramidal cells [Fig. 1A; also (6, 7, 12)]. However,

during a brief period extending from E20 to day of

birth (P0), the proportion of cells excited byGABA

sharply decreased. The loss of the excitatory effect

of GABA peaked at E21 [~1 to 2 hours before

delivery (Fig. 1A)].

The action of GABA depends on the direction

of the transmembrane current elicited by GABA,

its driving force (DFGABA) being the difference

between EGABA and resting membrane potential

(Em). Positive values of DFGABA determine

excitatory actions of GABA in immature neurons

(2, 3, 6, 7). To estimate DFGABA, we used cell-

attached recordings of single GABAA channels

(10) (Fig. 1, B to D), which affect neither EGABA
nor Em. With 1 mMGABA in the pipette solution,

GABAA channels were observed in ~90% of

patches (n = 553) but not in the presence of the

GABAA receptor antagonist picrotoxin [100 mM;

n = 25 (Fig. 1B)]. We found that DFGABA is

strongly depolarizing in fetal and postnatal periods

(Fig. 1D). However, DFGABA negatively shifted

during a brief near-term period (from E20 to P0),

switching to a hyperpolarizing value of –8.4 ±

2.5 mVat term [mean ± SEM, n = 34 (Fig. 1D)].

Thus, the disappearance of GABA-mediated ex-

citation at term (Fig. 1A) coincides with a switch

in polarity of GABA signals.

The perinatal changes in DFGABA could be due

to a negative shift ofEGABA or to a depolarizing shift

of Em. By using cell-attached recordings of single

N-methyl-D-aspartate (NMDA) channels as volt-

age sensors (12, 13), we found that during early

fetal and postnatal periods Em is –78.7 ± 1.9 mV

(n= 42; pooled data for E18 and E19 and P1 to P5)

[also (13, 14)], but near term there is a small hyper-

polarizing shift to –85.4 ± 1.5 mV [n = 14 at birth

(Fig. 1E)]. Knowing DFGABA and Em, we cal-

culated EGABA (EGABA = DFGABA + Em) and

found that EGABA switches from –40mVat E18 to

–92 mV at E21 and then returns to depolarizing

values shortly after birth (Fig. 1F). This corre-

sponds to a decrease in [Cl–]i (intracellular chloride

concentration) from 18 mM to 4 mM (Fig. 1F).

Because GABA-induced depolarization

raises [Ca2+]i (12, 15–18), we used a multibeam

two-photonmicroscope tomonitor [Ca2+]i changes

in hundreds of CA3 neurons in slices loaded with

the calcium indicator fura 2-AM (Fig. 2). The

GABAA receptor agonist isoguvacine (10 mM)

elicited a robust increase of [Ca2+]i in the ma-

jority of neurons at E18 and at P2 to P4 [average of

56 ± 3%, n values of 7 movies and 931 cells (Fig.

2, B to D)]. In contrast, at E21 to P0, [Ca2+]i
increased in only 31 ± 6% (n values of 10 movies

and 1546 cells, P < 0.01) cells. Isoguvacine also

decreased the frequency of spontaneous calcium

1Institut de Neurobiologie de la Méditerranée, INSERM
U29, Université de la Méditerranée, Campus Scientifique
de Luminy, Boite Postale 13, 13273 Marseille Cedex 09,
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Fig. 1. Transient perinatal loss of the GABAA-
mediated excitation. (A) Responses of CA3 py-
ramidal cells recorded in cell-attached mode to
the GABAA agonist isoguvacine. Below, summa-
ry plot of the proportion of cells excited by
isoguvacine during the perinatal period. There
is a transient loss of the excitatory effect of
isoguvacine near term. Red corresponds to the
fetuses whose mothers received SSR126768A.
[E21 corresponds to the early phase of delivery
(1 to 2 hours before birth); P0 is the day of
birth; pooled data from 146 neurons.] (B) Cell-
attached recordings of single GABAA channels
with 1 mM of GABA in patch pipette (top trace);
the channels were not observed in the presence
of the GABAA antagonist picrotoxin (100 mM;
bottom trace). (C) I-V relationships of the
currents through GABAA channels in two cells
at E21 and E18; their reversal potential
corresponds to DFGABA. (D) Summary plot of
the age dependence of DFGABA inferred from
single GABAA channels recordings [mean ±
SEM; 209 CA3 pyramidal cells (○) and 17
neocortical pyramidal cells (□); 6 to 24 patches
for each point]. Red indicates pretreatment with
SSR126768A (n values are 25 hippocampal and
9 neocortical patches). (E) Age dependence of
the resting membrane potential (Em) of CA3
pyramidal cells inferred from the reversal of
single NMDA channels recorded in cell-attached
mode (n = 84 cells; 4 to 12 patches for each
point). (F) Age dependence of the GABAA
reversal potential (EGABA = Em + DFGABA). There
is a transient hyperpolarizing shift of EGABA

near birth.
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events in many neurons near term [9 ± 2% (Fig.

2)]. Thus, during delivery, the ability of GABA to

increase [Ca2+]i is significantly reduced.

What underlies the near-term switch in GABA

actions? Because this phenomenon is not observed

in fetal neurons grown in culture (8, 9), we

hypothesized that it is related to parturition and in

particular to maternal hormones released during

delivery. Parturition is initiated by amassive release

of oxytocin (19). In addition to its pivotal role in

parturition, there are also indications that oxytocin

exerts multiple effects in the adult central nervous

system (19–25). Maternal oxytocin easily crosses

the placenta to reach the fetus (26), suggesting that

oxytocin may be responsible for the hyperpolariz-

ing switch in action of GABA in fetal neurons

during delivery. With selective antibodies, we

found a high density of oxytocin receptor immu-

noreactivity in the hippocampus and neocortex

during the perinatal period (Fig. 3A and figs. S1

and S2). During cell-attached recordings from

slices at E18 and P2, applications of oxytocin

(1mM) induced anegative shift inDFGABA (Fig. 3,C

andD) and suppressedGABA-mediated excitation

(Fig. 3B). The effects of oxytocin were completely

prevented by bath application of the selective oxy-

tocin receptor antagonist atosiban (AT, 1 to 5 mM)

(Fig. 3D). At term, application of oxytocin did not

cause a significant effect on the hyperpolarizing

DFGABA (Fig. 3D), suggesting that the effects of

exogenous oxytocin are occluded by the endog-

enous hormone. In keeping with this hypothesis,

we found that atosiban switched DFGABA from

hyperpolarizing to depolarizing at term but not in

fetal and postnatal neurons (Fig. 3D). Moreover,

intracardial perfusion of E21 fetuses with artifi-

cial cerebrospinal fluid (ACSF, to wash out

endogenous hormone) produced a similar shift

ofDFGABA from hyperpolarizing to depolarizing

(fig. S3). Addition of 1 mMoxytocin at the end of

the perfusion restored hyperpolarizing values of

DFGABA (fig. S3). Therefore, endogenous oxy-

tocin is present in slices at term and provides

tonic activation of oxytocin receptors, leading to

the shift of DFGABA. We also found that the neg-

ative shift inDFGABA from 38.4 ± 6.2 mV (n = 8)

to –7.2 ± 2.2 mV (n = 18) occurred in E18 fetuses

obtained from mothers treated with oxytocin

(50 mg/kg) during 2 hours before cesarean delivery.

To directly measure the effects of oxytocin on

[Cl–]i, we used two-photon chloride imaging in

slices loaded with a chloride-sensitive dye, MQAE

(Fig. 3, E and F) (27). In E18 and P4 slices, oxy-

tocin (1 mM) produced a significant increase in the

baseline fluorescence signal in half of the imaged

cells, indicating a strong reduction of [Cl–]i
[average of 43 ± 4%, n values of 10 movies and

1792 cells (Fig. 3F)], and the effect was prevented

by atosiban (5 mM; reduction of [Cl–]i in 5 ± 3%

cells, n values of 2 movies and 435 cells). Fur-

thermore, incubation of P4 slices with oxytocin

reversed the effect of isoguvacine on spontaneous

calcium events [59 ± 17% imaged cells not ac-

tivated by isoguvacine, n values of 3 movies and

228 cells (fig. S4)]. Thus, the effects of oxytocin

fully matched the changes in GABA signaling

occurring at term. This result indicates that oxy-

tocin is sufficient to trigger changes of [Cl–]i.

To determine whether endogenous oxytocin is

necessary for the near-term switch in the action of

GABA, we treated pregnant rats orally with the

selective oxytocin receptor antagonist SSR126768A

(28) (1 mg/kg, starting from E20) andmeasured the

consequences at term. Cell-attached recordings

revealed major differences between treated and

age-matched control pups, including strongly

depolarizing values ofDFGABA (Fig. 1D, red circle)

and a high proportion of cells excited by GABA

(Fig. 1A, red circle). Similar effects were also

observed in neocortical neurons, in whichDFGABA
was –9.4 ± 3.4 mV in control rat pups (n = 8) and

28.3 ± 3.7mV (n = 9) in pups of mothers pretreated

with SSR126768A (Fig. 1D). Thus, maternal

oxytocin is necessary and sufficient to trigger the

near-term switch in GABA action in the hippo-

campus and neocortex.

What are the mechanisms underlying the

oxytocin-mediated reduction of [Cl–]i at term?

Because the NKCC1 chloride inward cotransporter

is responsible for elevated [Cl–]i in immature

neurons (4, 7, 29, 30), we tested the effects of the

selectiveNKCC1 antagonist bumetanide.We found

that bumetanide (10 mM) produces a robust

negative shift of DFGABA and occludes the effects

of oxytocin (fig. S5). The short latency of oxytocin

actions (Fig. 3F) and the observation that blockade

of oxytocin receptors does not alter chloride

transporters gene expression (fig. S6) suggest that

the hormone down-regulates NKCC1 activity.

Hypoxic-ischemic brain damage is a principal

cause of newborn death and neurological impair-

ment (1). We hypothesized that the excitatory-to-

Fig. 2. Perinatal effects of GABAA receptors
activation on [Ca2+]i in CA3 neurons. (A) Two-
photon [Ca2+]i fluorescence image of the CA3
region from a P0 hippocampal slice loaded with
fura 2-AM; scale bar indicates 100 mm. (Right)
Automatically detected contours of the cells. (B)
Three types of [Ca2+]i responses (DF/F) to bath ap-
plication of the GABAA agonist isoguvacine (10 mM,
1 min): excited (red), inhibited (blue), or not af-
fected (black) by isoguvacine (Isog). (C) Contour
maps representing the distribution of different
cellular responses to isoguvacine at E18, P0, and
P5: excited (red), inhibited (blue), and not
affected (open contours). Bottom histograms show
the percentage of cells that are detected as being
active on each movie frame corresponding to the
above contour plots (140 ms per frame). Iso-
guvacine application (10 mM) produces a signif-
icant increase in the fraction of active neurons at
E18 and P5, whereas it slightly decreased the
activity at birth. (D) Histograms of the averaged
fraction of imaged neurons excited (top) or
inhibited or nonaffected (bottom) by isoguvacine
at different ages (for P0, n values of 10 movies
and 1546 cells; for E18, n values of 2 movies and
375 cells; and for P5, n values of 3 movies and
328 cells; *P < 0.01). Error bars indicate SEM.
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inhibitory switch in GABA signaling reduces

neuronal activity andmetabolic demand, thus help-

ing to protect fetal neurons from hypoxic insults

(31). Episodes of anoxia and aglycemia were

induced by superfusion with a solution in which

oxygen was substituted for nitrogen and glucose

was substituted for sucrose. The onset of anoxic

depolarization (AD) that is an electrophysiological

marker of neuronal death (31, 32) wasmeasured by

using extracellular field potential recordings in the

intact hippocampi of E21 rats in vitro after various

treatments in vivo to the mother and/or to the

fetuses intracardially before the in vitro experiment

(Fig 4). In control fetuses, AD occurred after 55.6 ±

1.4 min (n = 30) of perfusion with the anoxic-

aglycemic solution (Fig. 4). In the hippocampi

prepared from the fetuses intracardially perfusedwith

atosiban (5 mM; n = 15) or from the fetuses whose

mothers received SSR126768A (1 mg/kg; n = 19),

AD onset was significantly accelerated to 44.1 ±

1.1 min (n = 34; P < 0.01). Bumetanide (10 mM)

applied in the presence of the oxytocin receptor

antagonists delayed AD to the control values (53.4 ±

1.7 min; n = 18; P < 0.01). Bumetanide (10 mM)

Fig. 3. Oxytocin causes a switch in GABAA
signaling from depolarizing to hyperpolarizing.
(A) Oxytocin-receptor immunostaining of a P0
rat hippocampus; (inset) CA3 pyramidal cells
layer. Bars, 200 mm and (inset) 20 mm. (B)
Histograms of the proportion of cells excited by
brief application of isoguvacine (Isog) in control
and in the presence of oxytocin (1 mM) at E18
and P2 (n = 57 cells). (C) I-V relationships of
the currents through single GABAA channels
recorded from two CA3 pyramidal cells at E18
in control and after addition of oxytocin (1 mM).
(D) Histograms of DFGABA measured at E18,
E21, and P2 in control conditions and in the
presence of oxytocin (1 mM), antagonist of
oxytocin receptors atosiban (1 to 5 mM), and
oxytocin plus atosiban (n = 187 cells). (E) Two-
photon imaging of [Cl–]i in P4 hippocampal
slice loaded with Cl– indicator MQAE. Scale bar,
100 mm. (Right) [Cl–]i fluorescence change
produced by oxytocin application. The intensity
of the fluorescence signal increases, and [Cl–]i
decreases, in the illustrated region. (F) Auto-
matically detected contours of the cells imaged
in (E), indicating the distribution of cells in
which oxytocin application produced a signifi-
cant decrease in [Cl–]i (blue filled contours). On
the right, chloride fluorescence changes (DF/F)
in four representative neurons. Time resolution
is 100 ms per frame.

Fig. 4. Blockade of oxytocin receptors decreases fetal
brain resistance to anoxia-aglycemia at birth. (A)
Representative traces to illustrate the effects of
anoxic-aglycemic solution on extracellular field
potential recordings from E21 intact hippocampi.
Arrows indicate terminal AD that marks neuronal
death. AD occurs earlier in the presence of
SSR126768A (middle trace). Addition of bumetanide
(10 mM) occludes the effects of the antagonist and
restores the initial delay (bottom trace). (B) Summary
plot of the onset of AD in control, in the presence of the
oxytocin receptors antagonists atosiban (AT, 5 mM, fetal
intracardial perfusion and SSR126768A (1 mg/kg to
the mother), and after further addition of bumetanide
(10 mM). Each circle corresponds to one hippocampus
(n = 82 intact hippocampi at E21). Error bars indicate SEM.
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occluded the effects of the oxytocin receptor

antagonists and restored the control delays (53.4 ±

1.7 min, n = 18; P < 0.01). These data indicate that

maternal oxytocin exerts a neuroprotective action on

fetal neurons during parturition and that this action is

likely due to a reduction of [Cl–]i.

Our results suggest that oxytocin, in addition to

itswell-established role in labor and lactation and its

multiple effects in the adult central nervous system

(19–25), also exerts a powerful action on fetal

neurons. This mechanism adds a previously

unknown facet to the plasticity of GABA signaling

via modulation of [Cl–]i (4, 33). The dual action

produced by a single messenger in the mother and

fetus enables a perfect timing for adaptation of fetal

neurons to delivery.
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Cells must amplify external signals to orient and migrate in chemotactic gradient fields. We find
that human neutrophils release adenosine triphosphate (ATP) from the leading edge of the cell
surface to amplify chemotactic signals and direct cell orientation by feedback through P2Y2
nucleotide receptors. Neutrophils rapidly hydrolyze released ATP to adenosine that then acts via
A3-type adenosine receptors, which are recruited to the leading edge, to promote cell migration.
Thus, ATP release and autocrine feedback through P2Y2 and A3 receptors provide signal
amplification, controlling gradient sensing and migration of neutrophils.

N
eutrophils are primary phagocytic cells

with important roles in host defense and

tissue repair. However, activated neutro-

phils damage host tissues and contribute to chronic

inflammatory diseases, including rheumatoid arthri-

tis, inflammatory bowel disease, and asthma (1). A

key feature of neutrophils is their ability to detect

and migrate to compromised tissues by following a

concentration gradient of chemotactic substances

released from microbial pathogens or injured cells.

Neutrophils can respond to chemoattractant

gradients that differ in concentration by as little as

1% across the length of the cell body (2). Chemo-

taxis must involve signal amplification because a

strongly polarized distribution of intracellular signal-

transduction components is observed even in

shallow gradients. The mechanisms of signal am-

plification are unclear (3, 4). We identified the po-

larized release of adenosine triphosphate (ATP), the

activation of P2Y2 receptors, and the translocation

and activation of A3 adenosine receptors as key

mechanisms of signal amplification that control cell

orientation and direct the migration of neutrophils.

Membrane deformation caused by mechanical

or osmotic stress induces the release of cellular

ATP from mammalian cells; however, detailed

information on the underlying mechanisms is

lacking (5, 6). Because cell migration also involves

membrane deformation, we tested whether the

stimulation of human neutrophils with the chemo-

attractant N-formyl-Met-Leu-Phe (FMLP) causes

ATP release. Treatment of cells (107 cells in 250 ml

of solution) with 100 nM FMLP rapidly tripled

extracellular ATP concentrations in bulkmedia (Fig.

1, A and B) by inducing the release of ~0.5% of

their ATP pool. Concentrations of extracellular ATP

and its hydrolytic products adenosine monophos-

phate (AMP) and adenosine peaked 5 min after

FMLP stimulation; but while the concentration of

ATP returned to basal levels after 15 min, AMP

and adenosine concentrations remained >5–fold

above baseline (Fig. 1B), which is consistent with

the presence of ecto–adenosine triphosphatases

(ecto-ATPases) (7, 8). Neutrophils completely

hydrolyzed exogenous ATP (5 mM) within 2 min

after ATP addition, which suggests that they have

potent ecto-ATPase activity (Fig. 1C).

Because membrane deformation occurs pre-

dominantly at the leading edge closest to the chemo-

attractant source, we hypothesized this region to be

the principal site of ATP release. Fluorescent

microscopy that was used to visualize ATP release

[based on conversion of nicotinamide adenine

dinucleotide phosphate (NADP+) to its reduced

form NADPH] revealed that neutrophils discharge

ATP within seconds after FMLP stimulation (Fig.

1D and movies S1 to S3), with ATP release highest

near the cell membrane with the greatest degree of

protrusion (Fig. 1D, inset).

Extracellular ATP and adenosine modulate

neutrophil functions, including chemotaxis (8, 9).

We tested the effect of apyrase, which hydrolyzes

ATP, on chemotaxis in a trans-well system com-

posed of upper wells with neutrophils and lower

wells with 1 nM FMLP separated by a filter with

3-mm pores. Addition of apyrase to the upper wells

reduced chemotaxis by nearly 100% (Fig. 2A).
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Apyrase also inhibited FMLP-induced superoxide

formation, implying that FMLP-promoted responses

require ATP. Addition of apyrase to the lower wells

reduced chemotaxis only by ~40%, which suggests

that ATP release is essential for the initiation of

chemotaxis but not formaintainingmigration once it

is initiated. Microscopic analysis of neutrophil

chemotaxis toward the tip of a micropipette filled

with 100 nM FMLP confirmed this conclusion:

Although 79% of control cells migrated toward

FMLP with <60° angular deviation from a straight

path, the addition of apyrase (10 U/ml) diminished

the proper orientation of cells so that only 17% mi-

grated correctly to the chemotactic source (Fig. 2B

and movies S4 and S5). Other ATP-hydrolytic en-

zymes (e.g., ATPase and alkaline phosphatase) had

similar effects (fig. S1, A and B), confirming ATP

release to be crucial for gradient sensing and cell

orientation.

Using the trans-well assay, we found that the

nonhydrolyzable ATP analog adenosine 5′-O-(3-

thiotriphosphate) (ATP-g-S) increased FMLP-

promoted chemotaxis and cell migration in the

absence of FMLP, regardless of whether ATP-g-S

was added to the upper or lower well (Fig. 2B),

which indicates that extracellular ATP induces

chemokinesis (random cell migration) but is not

chemotactic. Uniformly added ATP-g-S (100 mM)

impaired chemotaxis to a point source of FMLP,

with only 31% of cells migrating along the correct

path (Fig. 2C and movie S6), which implies that

ATP-g-S treatment obscures polarized ATP re-

leased from the cells and interferes with gradient

sensing and proper cell orientation.

Adenosine and ATP are respective ligands of a

family of four P1 adenosine (A1, A2a, A2b, and

A3) and 15 P2 nucleotide receptors that include

ionotropic P2X (P2X1-7) and G protein–coupled

P2Y (P2Y1, 2, 4, 6, 11, 14) subtypes (10, 11). We

used the general P2-receptor antagonist suramin to

test the role of P2 receptors in chemotaxis.

Suramin reduced chemotaxis by 80% (Fig. 2D),

whereas the P2X-selective antagonists 1-[N,O-

bis(5-isoquinolinesulphonyl)-N-methyl-L-tyrosyl]-

4-phenylpiperazine (KN-62) and oxidized ATP

did not (fig. S1C), implying that P2Y receptors are

involved in neutrophil chemotaxis.
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Fig. 2. Effect of exogenous ATP on neutrophil chemotaxis.
Trans-well assays with neutrophils in upper wells separated
from lower wells containing 1 nM FMLP by a filter with 3-mm
pore size were used to assess chemotaxis. (A) Effect of apyrase
added to the lower or upper well on neutrophil chemotaxis and
on FMLP-induced oxidative burst. Cell responses are expressed
as a percent of the response to FMLP in the absence of apyrase.
(B) Treatment with ATP-g-S in the presence (circles) or absence
(diamonds) of FMLP. (C) Cell migration studied under the
microscope was analyzed by tracing the paths of cells migrating
toward a micropipette tip containing 100 nM FMLP in the
absence (left) or presence (middle) of 10 U/ml of apyrase or
100 mM ATP-g-S (right). The y axis of the traces represents the
direction toward the chemoattractant source, and the x axis
shows the deviation from the straight path. Cell traces were
arranged to show their origins at x = y = 0. (D) Effect of the P2-
receptor antagonist suramin on FMLP-induced cell migration.
Error bars in (A), (B), and (D) indicate SD of triplicate
determinations.

Fig. 1. Release of ATP by FMLP-
stimulated neutrophils and formation
of adenosine. (A) ATP released in
response to FMLP was determined
with high-performance liquid chroma-
tography (HPLC) analysis of extra-
cellular ATP and its breakdown
products. A pair of chromatograms
shows ATP and its hydrolytic products
in the extracellullar environment of
neutrophils before (lower trace) or
after (upper trace) stimulation with
100 nM FMLP. ADP, adenosine
diphosphate. (B) Extracellular con-
centrations of ATP, AMP, and aden-
osine measured with HPLC analysis
at different time points after stimu-
lation of neutrophils with 100 nM
FMLP. (C) Extracellular ATP, AMP,
and adenosine at different times
after addition of exogenous ATP to
isolated neutrophils. Error bars in-
dicate SD of triplicate determina-
tions. (D) Release of ATP from living
cells stimulated in a gradient field
of FMLP generated with amicropipette
(asterisks) was visualized with the use
of a two-enzyme assay system that
catalyzes the conversion of NADP+ to
NADPH in the presence of ATP. The
generation of NADPH was monitored
in real time by means of fluorescence
microscopy (excitation wavelength,
340 nm; emission wavelength, 460 nm). Images were captured at 12 frames per minute. (Inset)
Extracellular ATP concentrations based on calibration of gray values with a known ATP standard.
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Real-time reverse transcription polymerase

chain reaction (RT-PCR) analysis suggests that

neutrophils and human promyelocytic HL60

cells express predominantly A2a-, P2Y2-, and

A3-receptor–derived mRNA (Fig. 3, A and B).

Immunostaining showed that A3 receptors, but

not A2a or P2Y2 receptors, are concentrated at

the leading edge of polarized cells (fig. S2, A

and B), which suggests that A3 receptors may

be involved in chemotaxis. In the trans-well

assay, adenosine (1 nM to 1 mM) enhanced

chemotaxis, particularly when added in the

lower wells along with FMLP (Fig. 4A). Higher

concentrations of exogenous adenosine slightly

diminished chemotaxis (Fig. 4A and fig. S3A),

likely by either activating A2a receptors, which

are widely recognized for their inhibitory effects

on neutrophils (8–12) or obscuring endogenous

adenosine generated at the leading edge of

migrating cells. Removal of extracellular aden-

osine with adenosine deaminase (ADA), which

converts adenosine to inosine, or inhibition of

A3 receptors with 3-ethyl-5-benzyl-2-methyl-4-

phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-

3,5-dicarboxylate (MRS 1191) inhibited chemotaxis

toward FMLP (Fig. 4, B and E), platelet-activating

factor, 3% autologous zymosan-activated serum,

interleukin-8, and live bacteria (fig. S3, B to D).

Inosine generated by ADA did not affect chemo-

taxis (fig. S3E).
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Fig. 4. Role of adenosine and P1 receptors in neutrophil migration. (A) The effect of exogenous
adenosine added to the lower or upper wells on neutrophil chemotaxis was assessed with the trans-well
assay in the presence (circles) or absence (diamonds) of FMLP. (B) Effect of ADA on FMLP-induced
chemotaxis. (C) Effects of the A3-receptor–selective agonist N(6)-(3-iodobenzyl) adenosine-5'-N-
methylcarboxamide (IB-MECA) and of the A2- and A1-receptor–selective agonists 2-p-[2-carboxyethyl]
phenethylamino-5'-N-ethylcarboxamidoadenosine hydrochloride (CGS 21680) and N6-cyclopentyl-
adenosine (CPA), respectively, on chemotaxis toward FMLP. (D) Effects of A3-receptor–selective antagonist
MRS 1191 and antagonists of other P1 receptors on chemotaxis toward FMLP. (E) Composite images
and cell migration traces of cells migrating toward a micropipette tip containing 100 nM FMLP in the
absence or presence of 10 U/ml of ADA or 10 mM MRS 1191. Error bars in (A) to (D) indicate SD of
triplicate determinations.

Fig. 5. Localization of A3 receptors to the leading
edge of migrating cells. (A) The cell surface
expression of A3 receptors of human neutrophils
at different time points after stimulation of cells
with 100 nM FMLP was assessed with flow cytometry
and a primary antibody recognizing an extracellular
domain of the receptor. Error bars indicate SD of
triplicate determinations. (B) Fluorescent image of
an unstimulated HL60 cell expressing an A3-EGFP
fusion protein. (C) HL60 cell expressing an A3-EGFP
fusion protein migrating toward a micropipette tip
containing 100 nM FMLP (bright field image on
top). The confocal image at the bottom shows an
HL60 cell migrating from the top left to the bottom
right corner. (D) Colocalization of A3-EGFP fusion
protein and actin in cells globally stimulated with
100 nM FMLP.
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The finding that the agonists and the antagonist

of A3 receptors (but not of other P1-receptor

subtypes) affected neutrophil chemotaxis further

suggested a special role for A3 receptors in

chemotaxis (Fig. 4, C and D). To determine

whether A3 receptors control gradient sensing or

migration speed, we examined the effect of MRS

1191 on neutrophil chemotaxis under the micro-

scope. MRS 1191 (10 mM) reduced the migration

speed of cells toward FMLP from 2.4 ± 1.0 to

0.5 ± 0.7 mm/min (Fig. 4E and movies S7 and

S8), whereas gradient sensing seemed largely

unaffected. Thus, A3 receptors appear to be the

key adenosine receptors that regulate neutrophil

chemotaxis by controlling cell migration.

Flow cytometric analysis revealed that FMLP

stimulation rapidly increases surface expression of

A3 receptors in human neutrophils (Fig. 5A). This

finding was confirmed with HL60 cells stably

transfected with an A3 receptor–enhanced green

fluorescent protein (EGFP) construct and differ-

entiated with dimethyl sulfoxide to induce a

neutrophil-like phenotype capable of chemotaxis

(13, 14). A3 receptors in resting cells were

predominantly localized in cytosolic granules

(Fig. 5B). Upon exposure to an FMLP gradient,

A3 receptors, but not P2Y2 receptors, rapidly

translocated to the cell surface near the leading

edge, accumulated on filopodia-like protrusions,

and colocalized with F-actin (Fig. 5C and movies

S9 and S10), a marker for the leading edge of

polarized cells (15).

We further studied the chemotaxis of neu-

trophils from bone marrow of A3- and P2Y2-

receptor knockout (KO)mice (A3−/− and P2Y2−/−)

using the murine chemotactic peptide Trp-Lys-

Tyr-Met-Val-Met-NH2 (W-peptide) (16). Chemo-

taxis of neutrophils from both KO mouse strains

was less than that of wild-type mice (Fig. 6, A and

B). Neutrophils lacking A3 receptors showed

correct directionality but diminished speed,

whereas cells without P2Y2 receptors showed a

loss in gradient sensing. We confirmed the

importance of both receptors for neutrophil che-

motaxis in vivo by assessing cell recruitment to the

peritoneal cavity of KO mice intraperitoneally in-

jected with 1 nMW-peptide or 108 Staphylococcus

aureus bacteria (Fig. 6C).

Our results lead to a model in which polarized

ATP release, in response to chemotactic receptor

stimulation, facilitates gradient sensing by activat-

ing multiple adjacent P2Y2 receptors that control

cell orientation in a chemotactic gradient. Adeno-

sine formation andA3-receptor accumulation at the

leading edge likely constitute a second stage of

autocrine signal amplification that facilitates che-

motaxis by controlling migration speed (Fig. 6D).

Other receptors, such as A2a receptors, may

contribute to chemotaxis by facilitating membrane

retraction at the receding end. This system may

help neutrophils locate bacteria and damaged

tissues, which also generate extracellular ATP

(17). In view of their importance for cell migration,

P2Y2 and A3 receptors are potential therapeutic

targets for the treatment of inflammatory diseases

(18, 19).

Chemotaxis in Dictyostelium discoideum is

controlled by extracellular signaling systems

that use cyclic AMP (cAMP) production and

the activation of cAMP receptors (20–22). The

results shown here define an analogous mam-

malian navigation system based on polarized

ATP release and purinergic receptor activation

in neutrophils.

References and Notes

1. S. J. Weiss, N. Engl. J. Med. 320, 365 (1989).

2. S. H. Zigmond, J. Cell Biol. 75, 606 (1977).

3. A. J. Ridley et al., Science 302, 1704 (2003).

4. P. J. Van Haastert, P. N. Devreotes, Nat. Rev. Mol. Cell

Biol. 5, 626 (2004).

5. P. Bodin, G. Burnstock, Neurochem. Res. 26, 959 (2001).

6. G. Yegutkin, P. Bodin, G. Burnstock, Br. J. Pharmacol.

129, 921 (2000).

7. H. Zimmermann, Naunyn-Schmiedebergs Arch. Pharmakol.

362, 299 (2000).

8. B. B. Fredholm, Gen. Pharmacol. 28, 345 (1997).

9. Y. Chen, A. Shukla, S. Namiki, P. A. Insel, W. G. Junger,

J. Leukocyte Biol. 76, 245 (2004).

10. G. Burnstock, G. E. Knight, Int. Rev. Cytol. 240, 31 (2004).

11. B. B. Fredholm, A. P. Ijzerman, K. A. Jacobson,

K. N. Klotz, J. Linden, Pharmacol. Rev. 53, 527 (2001).

12. Y. Zhang, J. Palmblad, B. B. Fredholm, Biochem. Pharmacol.

51, 957 (1996).

13. A. B. Hauert, S. Martinelli, C. Marone, V. Niggli, Int. J.

Biochem. Cell Biol. 34, 838 (2002).

14. G. Servant et al., Science 287, 1037 (2000).

15. G. P. Downey, Curr. Opin. Immunol. 6, 113 (1994).

16. J. K. Seo et al., J. Immunol. 158, 1895 (1997).

17. A. la Sala et al., J. Leukocyte Biol. 73, 339 (2003).

18. D. Knight et al., J. Leukocyte Biol. 62, 465 (1997).

19. B. A. Walker et al., Am. J. Respir. Cell Mol. Biol. 16, 531

(1997).

20. A. R. Kimmel, R. A. Firtel, Curr. Opin. Genet. Dev. 14,

540 (2004).

21. A. J. Ridley et al., Science 302, 1704 (2003).

22. M. Maeda et al., Science 304, 875 (2004).

23. This study was supported in part by National Institute of

General Medical Sciences grants R01 GM-51477, GM-60475

(W.G.J.), and GM-66232 (P.A.I.), and by Congressionally

Directed Medical Research Program grant PR043034 (W.G.J.).

Supporting Online Material

www.sciencemag.org/cgi/content/full/314/5806/1792/DC1

Materials and Methods

Figs. S1 to S3

Table S1

References

Movies S1 to S10

17 July 2006; accepted 31 October 2006

10.1126/science.1132559

Fig. 6. P2Y2 and A3
receptors control neu-
trophil chemotaxis in
vitro and in vivo. (A)
Migration paths of
neutrophils [isolated
from the bone marrow
of wild-type (WT) mice
and mice deficient of
A3 and P2Y2 recep-
tors] migrating toward
theFMLP-receptor ligand
W-peptide (100 nM).
(B) Trans-well chemo-

Control

Control

fMLP

ATP

ATP

ADO

ADO

PI3K, PIP3 

Rac/Cdc42

F-actin

EN

A3

FPR

P2Y2

taxis assays of neutrophils from A3−/−, P2Y2−/−, and WT mice toward W-peptide
(100 nM). *, P < 0.0001 [analysis of variance (ANOVA) and Newman-Keuls
multiple-comparison test, n = 6 mice per group]. (C) In vivo cell migration was
assessed in WT mice and in A3 and P2Y2 KO mice by counting neutrophils in the
peritoneal cavity 4 hours after intraperitoneal injection of 108 living Staphylococcus
bacteria (solid bars) or vehicle (open bars). *, P < 0.0001 (ANOVA and Newman-
Keuls multiple-comparison test, n = 6 animals per group). (D) Roles of ATP release,
P2Y2, and A3 receptors in neutrophil chemotaxis: Activation of the formyl-peptide
receptor (FPR) stimulates localized ATP release, resulting in activation of nearby
P2Y2 receptors that amplify chemotactic signals and gradient sensing by stimulating the production of phosphoinositide 3-kinase (PI3K), phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), and recruitment of Rac, Cdc42, and F-actin to the leading edge. Translocation of A3 receptors to the leading
edge, adenosine (ADO) formation by ecto-ATPases/nucleotidases (EN), and autocrine activation of A3 receptors facilitate directed migration. Error bars in
(B) and (C) indicate SD.
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NEWPRODUCTS

MultiLink-HRP Detection Kit
BioGenex’s Super Sensitive MultiLink-HRP Detec-
tion System represents state-of-the-art technol-
ogy in the visualization of antigen–antibody
binding reactions, such as in immunohistochem-
istry (IHC) staining procedures. This detection
system is designed to provide savings in time
and effort in demanding immunostaining condi-
tions in which optimal detection performance is
required to achieve accurate and clean IHC stain-
ing results. 
Biogenex For information 800-421-4149
www.biogenex.com

Grinding Resin
Molecular Grinding Resin has been developed
for effectively grinding biological samples for
extraction of DNA, RNA, and proteins. Made of
high tensile microparticles, the resin effectively
disrupts nuclei and other cell organelles. The
resin will not bind protein or nucleic acids. 
G-Biosciences/Genotech For information 
800-628-7730 www.GBiosciences.com

Protein Stain
LabSafe GEL Blue is a sensitive Coomassie-
dye–based protein stain that is environmentally
safe. As little as 4 ng bovine serum albumin can
be detected without any need for destaining. A
ready-to-use format produces rapid protein band
visualization on gels following electrophoresis.
After a brief wash step, the user simply adds Lab-
Safe GEL Blue directly to the protein gel. 
G Biosciences/Genotech For information 
314-991-6034 www.GBiosciences.com

Comparator Balance
The XP56C Comparator offers a resolution of 52
million points. In the field of metrology, com-
parators are used to determine the mass of

weights or samples to the highest degree of
accuracy. The XP56C Comparator is designed to
meet this challenge with a continuous weighing
range of 52 g and a readability of 1 μg. The
included hanging weighing pan eliminates cor-
ner load errors. The WeighCom application
guides the user step-by-step through the mass
determination process and a user-friendly color
touchscreen display enables convenient and
error-free operation.
Mettler Toledo For information 614-438-4932
www.mt.com

Literature
Assay Development and Clinical Trial Testing Ser-
vices from the Experts in Rare Cell Analysis is a
brochure offering drug developers a partnership
opportunity to accelerate their programs using
circulating tumor cells (CTCs), circulating
endothelial cells (CECs), and molecular biomark-
ers in clinical trials. The services include assay
development services to format the client’s tar-
geted marker to Immunicon’s rare cell format;
collaboration on clinical trial design using rare
cells; testing services such as counting and char-
acterizing CTCs and CECs in drug development
programs; and enrichment for downstream
molecular analysis. 
Immunicon For information 215-830-0777
www.immunicon.com

Fluorometer
The MultiFrequency Phase Fluorometer (MFPF) is a
frequency-domain luminescence monitor for
measurement of luminescence lifetime, phase,
and intensity. The MFPF makes use of LED excita-
tion, avalanche photodiode detection, and filter-
based wavelength selection for simple experimen-
tal set-up and control. When used with Ocean
Optics Oxygen Sensors, it helps to mitigate index

effects, eliminate ambient light, and improve sys-
tem stability in dissolved oxygen applications. The
MFPF is especially useful for oxygen-sensing
applications in which sensitivity to drift is impor-
tant and sample set-ups must be undisturbed for
long periods of time. Because it makes use of
phase-shift technology, the MFPF is invariant to
fiber bending and stray light, has a broad dynamic
range, generates very little optical and electronic
crosstalk, and has low drift and phase noise. Built-
in pressure and temperature measurement capa-
bilities also make the MFPF suitable for lumines-
cence sensor design, testing, and calibration. The
MFPF was developed by TauTheta Instruments. 
Ocean Optics and TauTheta Instruments 
For information 727-733-2447 
www.tautheta.com and www.OceanOptics.com

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in academic,
industrial, and government organizations are featured in this
space. Emphasis is given to purpose, chief characteristics, and
availability of products and materials. Endorsement by Science
or AAAS of any products or materials mentioned is not implied.
Additional information may be obtained from the manufacturer
or supplier by visiting www.science.labvelocity.com on the Web,
where you can request that the information be sent to you by
e-mail, fax, mail, or telephone.

For more information visit Product-Info,
Science's new online product index
at http://science.labvelocity.com

From the pages of Product-Info, you can:
• Quickly find and request free 

information on products and services
found in the pages of Science.

• Ask vendors to contact you with more 
information.

• Link directly to vendors' Web sites.

Multi-Functional Imager
The Dyversity multi-functional imager can now rapidly detect 0.5 ng of Sypro Ruby
stained protein in less than a second. This new application makes Dyversity a suitable sys-
tem for high-throughput gel-based proteomics. Dyversity can acquire small amounts of
fluorescently labeled protein rapidly because it has a 90-μm resolution, 16-bit charge-
coupled device camera. This provides a fast capture time per channel and makes the
instrument an alternative to a laser-based scanner.
Syngene For information 800-686-4407 www.2dymension.com

www.sciencemag.org/products
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POSITIONS OPEN

FACULTY POSITION

MARINE EVOLUTIONARY BIOLOGIST

The Biological Sciences Department at California
State Polytechnic University, Pomona, invites appli-
cations for a tenure-track, ASSISTANT PROFES-

SOR position in evolutionary biology, beginning
September 2007. A Ph.D. in biology or a related field
is required and postdoctoral experience is preferred.
The candidate will teach a senior level course in evo-
lution, a general education course in marine biology
that includes a field-based laboratory, and is expected
to teach upper-division and/or graduate-level courses
related to his or her area of expertise. Participation in
team-teaching of introductory courses may be ex-
pected in the future. We seek applicants who study
the evolution of marine organisms with a combina-
tion of modern field and molecular approaches.
Candidates must be strongly committed to teaching,
mentoring of undergraduate and graduate (M.S.)
students, and developing an externally funded re-
search program. Cal Poly Pomona is a comprehen-
sive Master_s level University with a diverse student
body. The successful candidate will have demon-
strated ability to be responsive to the educational
equity goals of the University and its increasing eth-
nic diversity and international character. Applicants
should mail (1) curriculum vitae, (2) statement of
teaching philosophy, (3) proposed plan of research,
(4) reprints of three representative publications, and
(5) the names and contact information of three ref-
erences to: Chair, Marine Evolutionary Biologist
Search Committee, Biological Sciences Depart-
ment, California State Polytechnic University,
3801 West Temple Avenue, Pomona, CA 91768-
4132. Review of applications will begin on January
29, 2007. Official transcripts and three letters of
reference will be required of all finalists. For further
information, visit the Department website: http://
www.csupomona.edu/Èbiology. As required by
the Clery Disclosure Act, the University_s annual
security report is available at website: http://www.
csupomona.edu/Èpublic_safety.

California State Polytechnic University, Pomona, is an
Equal Opportunity, Affirmative Action Employer. Cal Poly
Pomona subscribes to all state and federal regulations and pro-
hibits discrimination based on gender, race, sexual orientation,
national origin, disability, marital status, age, religion, or vet-
eran status. The University hires only individuals lawfully au-
thorized to work in the United States.

ASSISTANT PROFESSOR IN
MICROBIOLOGY

Department of Biology
California State University, Northridge

The Department of Biology at California State Uni-
versity, Northridge, seeks a MICROBIOLOGIST
to fill a tenure-track Assistant Professor position to
begin August 2007. Candidates with documented in-
terest in mechanisms of prokaryotic pathogenesis,
which may include genomic, metabolomic, or bioin-
formatics approaches, are strongly desired. The suc-
cessful candidate is expected to exhibit potential for
excellence in teaching, establish a vigorous research
program involving undergraduate and Master_s de-
gree students, and provide effective instruction to
students of diverse backgrounds in a multicultural set-
ting. External funding of research is strongly encour-
aged. Teaching responsibilities will include general
microbiology, graduate seminars, and may include
general biology or specialty courses in microbiology.
Candidates must have a Ph.D. or equivalent with mi-
crobiology emphasis and postdoctoral training. Ap-
plicants should send an application letter, curriculum
vitae, statement of teaching philosophy, statement of
research interests, reprints of up to three publications,
and should arrange for three letters of recommen-
dation to be sent to: Chair, Department of Biology,
California StateUniversity, 18111Nordhoff Street,
Northridge, CA 91330-8303. Applications in PDF-
format are preferable (e-mail: larry.allen@csun.
edu). Review of completed applications will begin
January 15, 2007, and will continue until the posi-
tion is filled.

California State University, Northridge, is an Equal Op-
portunity Employer committed to excellence through diversity.

POSITIONS OPEN

TENURE-TRACK FACULTY POSITION
IN METABOLOMICS

University of Maryland Biotechnology
Institute, Shady Grove

Center for Advanced Research in Biotechnology
Center for Biosystems Research

Applications are invited for a tenure-track facul-
ty position at the ASSISTANT, ASSOCIATE, or
PROFESSOR level. The successful candidate will
be expected to develop a rigorous, externally funded
research program in the field of metabolomics using
advanced analytical methods.

The Shady Grove Campus of the University of
Maryland Biotechnology Institute (UMBI) is devel-
oping an integrated research program in molecular
systems biology, bridging the interests of the Center
for Advanced Research in Biotechnology (CARB,
website: http://carb.umbi.umd.edu/), a partner-
ship with the National Institute of Standards and
Technology (NIST) and the Center for Biosystems
Research (CBR, website: http://www1.umbi.umd.
edu/Ècbr/). Research areas at the Shady Grove
Campus include chemical biology, mass spectrome-
try, structural biology, bioinformatics, experimental
and computational biophysics, systems modeling,
plant and insect biology. Several new faculty hires are
anticipated over the next two years, and a new
140,000 square-feet research building equipped with
state-of-the-art facilities has recently opened.

Qualifications: Ph.D. in biochemistry or related
field, postdoctoral experience, and knowledge skills
in metabolomics. Areas of interest include but are
not limited to: metabolite changes in response to
disease or environmental stress; applications in func-
tional genomics; metabolic networks;medicinal plant
metabolism; development of metabolomic databases.
We are particularly interested in applicants who are
seeking a highly collaborative research environment.

Applicants should submit their curriculum vitae
(referencing position 300879), a summary of future
research plans, and names of three references (PDF
file) electronically to e-mail: carbsrch@umbi.umd.
edu or by mail to: Metabolomics Search Commit-
tee, University of Maryland Biotechnology Insti-
tute, ShadyGrove, 9600Gudelsky Drive, Rockville,
MD 20850.

Review of candidates will begin January 1, 2007,
and continue until the position is filled.

UMBI is an Equal Employment Opportunity/ADA/Af-
firmative Action Employer.

ASSOCIATE/FULL PROFESSOR
Histology/Cell Biology/Tenure or Tenure-track

Comparative Biomedical Sciences

Department of Comparative Biomedical Sciences,
with numerous funded investigators in cell and
molecular biology (including cancer biology), seeks
a faculty person in histology/cell biology. Require-
ments: Ph.D. or equivalent degree in biological/
biomedical sciences or related field; postdoctoral
experience; research background in cell/molecular
biology; ability to teach histology and coordinate a
team-taught course in cell biology and histology in
the professional curriculum; have (or will have) ex-
tramural funding. Responsibilities: establishes and
maintains an extramurally funded research program;
teaches in the professional curriculum; contributes
to the graduate program. Salary and rank will be com-
mensurate with qualifications. An offer of employ-
ment is contingent upon a satisfactory pre-employment
background check. Application deadline is January 12,
2007, or until candidate is selected. Submit letter of
application and resume (including e-mail address)
to: Dr. George M. Strain, Professor, Department
of Comparative Biomedical Sciences, School of
Veterinary Medicine, Louisiana State University,
Reference #000490, Baton Rouge, LA 70803,
telephone: 225-578-9758, e-mail: strain@lsu.edu.

Louisiana State University is an Equal Opportunity/Equal
Access Employer
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Department of Health and Human Services 

National Institutes of Health

Clinical Center 

Tenure-track Physician 

Clinical Center/Nuclear Medicine Department 

This position is located in The Warren G. Magnuson Clinical Center, Nuclear

Medicine Department (NMD). 

We are seeking a research-oriented physician for a possible tenure-track position. An 

M.D. or M.D. /PhD with U.S. Nuclear Medicine Board certification and CT training 

is needed to provide diagnostic and therapeutic nuclear medicine procedures as well 

as to participate in clinical research protocols of the NIH Intramural Program. U.S. 

citizenship or permanent residency status is required. 

Please submit your curriculum vitae, bibliography, and a letter describing your 

clinical, research, and management experience to: Mrs. Veronica Olaaje, HR

Specialist, DHHS, NIH, OD/CSD-E, 2115 E. Jefferson Street, Rm. 2B209

MSC-8503, Bethesda, MD 20892-8503. Phone: 301-435-4748. Email: volaaje@

mail.nih.gov.

Salary is commensurate with experience. This appointment offers a full benefi ts 

package (including retirement, health, life and long term care insurance, Thrift 

Savings Plan participation, etc.). Application packages should be submitted as early 

as possible, but no later than December 31, 2006.

Selection for this position will be based solely on merit, without discrimination for 

non-merit reasons such as race, color, religion, sex, national origin, politics, marital 

status, sexual orientation, physical or mental handicap, age or membership or non-

membership in an employee organization. 

Developmental Signal Transduction

A postdoctoral position is available in the Laboratory of Cell and

Developmental Signaling (LCDS), Center for Cancer Research (CCR) 

to study the role of Eph receptor and ligand signaling pathways affecting

cell movement and cell fate. A combination of molecular, cell biological 

and biochemical techniques are applied in amphibian and mammalian 

developmental systems. (See Nature Cell Biology 8: 55-63, 2006;

Developmental Cell 6: 55-67, 2004).  Please visit our website for more 

information: http://ccr.cancer.gov/Staff/staff.asp?profi leid=5575.

Our laboratory is located at the NCI-Frederick campus and offers state-

of-the-art facilities in an exciting environment for postdoctoral research. 

The NCI offers competitive postdoctoral stipends. A strong background 

in molecular, cellular, or developmental biology is required. Interested 

candidates should have a Ph.D. and/or an M.D. and have less than 5 

years postdoctoral experience. Fellows from abroad may be eligible 

for J-1 visa sponsorship.   Stipend is commensurate with education and 

research experience, with a range of $43,200-$55,500.  Please submit 

a cover letter, CV including bibliography, and contact information for 

three references to: Ira Daar, PhD., LCDS, NCI-Frederick, Building

560, Room 22-3, Frederick, MD 21702, E-mail: daar@ncifcrf.gov.

Deputy Director

Division of Extramural Activities

The Department of Health and Human Services (DHHS), National Institutes of 

Health (NIH), National Cancer Institute, (NCI) is seeking a Deputy Director, Division

of Extramural Activities (DEA) to assist in directing an approximately 3.5 billion 

dollar grant review program. The DEA administers and directs the institute’s grant, 

cooperative agreement, and contract review and referral activities. In addition, the 

DEA provides information about the NCI’s peer review and grants policies as well 

as committee management and advisory board activities.  The Deputy Director, DEA

will be appointed at a salary commensurate with his/her qualifications and experience.

Full federal benefits include leave, health and life insurance, retirement saving plan 

(401K equivalent) and relocation expenses.

Qualifi cations Required: Applicants must have a doctoral level degree (Ph.D., M.D.

or equivalents) and have experience in laboratory, clinical or public health research 

administration that includes budget formulation and management as well as grants 

and contract development.  Consideration is limited to U.S. citizens, resident aliens, 

or nonresident aliens with a valid employment authorized visa.  

How to Apply: Applicants should send a brief biography, curriculum vitae and the 

names and addresses of four references to:  

Bridgette Tobiassen, Administrative Resource Center Manager, Division of 

Cancer Biology/Division of Extramural Activities, National Cancer Institute,

6130 Executive Boulevard, Room 5052, Rockville, MD 20852. If you need addi-

tional information, please call Bridgette Tobiassen at (301) 496-2871.

DEADLINE FOR RECEIPT OFAPPLICATIONS:  January 15, 2007

DIRECTOR, OFFICE OF NIH HISTORY AND MUSEUM

The Office of Intramural Research of the National Institutes of Health (NIH) in 

Bethesda, Maryland is seeking an outstanding individual to serve as Director of 

the Office of NIH History (ONH). The Director, ONH, oversees and coordinates 

scholarly activities relating to the history of the NIH. The Director personally writes

books and/or articles about specific NIH research activities and about biomedical 

research policy and oversees the work of the staff and contractors who perform 

similar work. The Director collaborates with national and international special-

ists and helps organize conferences, symposia, and other meetings; advises the 

Director, NIH, and other senior staff and administrators about historical records, 

artifacts, and preservation. The Director is also responsible for the ONH web site 

and on-campus exhibits produced by the Stetten Museum of Biomedical Research. 

The Director oversees an office of about six staff members and one or two post-

doctoral fellows. Further details about ONH and its specific programs can be found 

at www.history.nih.gov

Candidates are required to have a 4 year course of study in an accredited college 

or university leading to a bachelor’s degree or higher that included a major fi eld 

of study in History or related field that included at least 18 semester hours in 

history.  The salary range is $107,521-$139,774 and a full package of benefi ts is 

included. A detailed vacancy announcement with the mandatory qualifi cations 

and application procedures can be found on USAJOBS at www.usajobs.gov

(announcement number OD-07-146557) and NIH website at http://www.jobs.

nih.gov.Questions on application materials may be addressed to Laurie Steinman

at (301) 594-5335. Applications must be received by midnight eastern standard 

time on January 26, 2007.
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Health Scientist Administrator

National Institute of Dental and Craniofacial Research (NIDCR)

The National Institute of Dental and Craniofacial Research (NIDCR), National Institutes of Health (NIH), Department of Health & Human Services 

(DHHS) is seeking applicants for a supervisory Health Scientist Administrator position in the Center for Integrative Biology and Infectious Diseases 

(CIBID).  The position advertised is for the Chief of the Translational Genomics Research Branch.   The Branch coordinates the development and 

implementation of the NIDCR extramural basic and translational genomics research program related to NIDCR-relevant human and microbial genetics 

and genomics. To this end, areas of basic and applied research in the NIDCR mission include: infectious diseases such as dental caries and periodontal 

diseases, microbiology, molecular and cellular neuroscience, developmental biology, mineralized tissue and salivary gland physiology, immunology and 

immunotherapy, epithelial cell regulation and transformation, as well as biomaterials, biomimetics and tissue engineering, and behavior, health promotion 

and environment.  In addition, there are cross-cutting programs involving clinical trials and comprehensive centers of discovery.

The incumbent will direct and oversee the administration of a portfolio of research projects employing translational genetics and genomics research 

strategies targeted to NIDCR-relevant diseases and will stimulate interest in and provide advice to the extramural community regarding the respective 

research portfolio. In addition, the incumbent will participate in funding decisions, policy development, as well as implementation and coordination with 

other programs both within and outside of the NIDCR.

The salary range for this position is $107,521 to $139,774 per annum, commensurate with qualifications and professional experience. A full benefi ts 

package is available, which includes retirement, Thrift Savings Plan participation, health, life and long-term care insurance.

Applications will be accepted through February 15, 2007.  For qualifications required, evaluation criteria, and application instructions, view the vacancy 

announcements at: http://jobsearch.usajobs.opm.gov/a9nih.asp .  Refer to announcement # NIDCR-07-162498-DE or NIDCR-07-162738-MP. Please 

contact Elan Ey at 301-594-2320 or eye@mail.nih.gov if you have questions.

INVESTIGATOR RECRUITMENT in COMPUTATIONAL LINGUISTICS/TEXT MINING

Computational Biology Branch

National Center for Biotechnology Information

National Library of Medicine

The National Center for Biotechnology Information (NCBI) performs research in computational biology and creates and maintains information 

systems and computational tools for the biomedical research community. The Computational Biology Branch (CBB) at the NCBI invites applica-

tions to fill an Investigator (tenure-track) or tenured Senior Investigator position. The position is for a creative, interactive scientist addressing 

new challenges in the field of  computational linguistics/biomedical text mining. Candidates should hold a doctorate degree with a substantial 

publication record. The successful candidate will join a diverse, collegial group of investigators within the CBB and will have the opportunity to 

develop software methods to search PubMed (a widely used electronic repository of biomedical literature) and other linked NCBI databases. To 

further these goals, interactions between the several NCBI branches would be encouraged. Excellent computational facilities and resources for 

the rapid achievement of research goals are available. Salaries and benefits are competitive and commensurate with education and experience. 

Interested applicants should send a letter of interest, curriculum vitae, bibliography, a three-page description of proposed research, and three let-

ters of recommendation to:

W. John Wilbur, M.D. Ph.D., Chair, Search Committee, Computational Biology Branch, National Center for Biotechnology Information, 

National Library of Medicine, National Institutes of Health, Building 38A, Room 6S606, Bethesda, MD 20894.

Specific questions regarding the recruitment can be directed to Dr. John Wilbur (Search Chair) at wilbur@ncbi.nlm.nih.gov.

The deadline for receipt of applications is April 30, 2007 but candidates will be interviewed as they become available.

Selection for this position will be based solely on merit, without discrimination for non-merit reasons such as race, color, religion, sex, national origin,

politics, marital status, sexual orientation, physical or mental handicap, age, or membership or non-membership in an employee organization. 
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FACULTY POSITION in BIOCHEMISTRY
Department of Biochemistry

The University of Iowa
Roy J. and Lucille A. Carver College of Medicine

The Department of Biochemistry of the University of Iowa seeks highly 
qualifi ed applicants for one or more tenure track faculty positions at any rank.
The department has broad interests (www.biochem.uiowa.edu) and current
faculty have strong collaborative interactions with colleagues throughout the
Carver College of Medicine and the University. They participate in many 
interdisciplinary training programs including the Center for Biocatalysis and
Bioprocessing, Genetics, Molecular Biology, Molecular Parasitology and 
the Medical Scientist Training Program. Outstanding new and renovated 
research space with excellent shared instrumentation is available. We are 
building in the area of molecular biophysics, proteomics and structural biol-
ogy, and with special emphasis on candidates who apply NMR and mass 
spectroscopy to biomedical problems. All applicants must have a relevant 
graduate degree (Ph.D., M.D., or the equivalent) and productive research 
experience. They will be judged on their potential to initiate and maintain a 
vigorous, independent research program, to teach and to train students and 
postdoctoral fellows.

Applications should include a CV, a 3-page summary of research accom-
plishments and future plans, and a brief statement of teaching interests.
These should be sent as a single pdf fi le to biochemsearch@uiowa.edu,
with the applicant’s last name in the fi lename; reprints in pdf format may 
be sent with the application. Senior applicants should provide names of 3
references. Applicants for the rank of Assistant Professor should ask three 
scientists familiar with their qualifi cations to submit letters of reference
to biochemsearch@uiowa.edu. Consideration of completed applications 
will begin on February 1, 2007.Questions may be directed to: Prof. Peter
Rubenstein, Chair of the Faculty Search Committee, or Prof. John E.

Donelson, Head, Dept. of Biochemistry, Roy J. and Lucille A. Carver

College of Medicine, Univ. of Iowa, Iowa City, IA, 52242-1109, phone

319-335-7933, fax 319-335-9570.

The University of Iowa is an Equal Opportunity and 
Affi rmative Action Employer.

Senior Professor

University of California San Diego
Section of Ecology, Behavior and Evolution

Division of Biological Sciences
http://www-biology.ucsd.edu/biosections/ebe.html

The Section of Ecology, Behavior, and Evolution, in the Division of 
Biological Sciences, invites applications for a senior ecologist and/or 
evolutionary biologist at the rank of tenured full Professor. In addition 
to Professorial duties it is expected that the successful candidate will be 
able to assume a term as Section Chair.

The area of scholarship is open, but we seek candidates with proven 
outstanding records of research, teaching, service, and extramural sup-
port who have the leadership qualities to develop further the Section’s 
existing strengths in evolution and ecology. The Section currently consists
of a group of a dozen active members and is slated for several upcoming 
faculty hires. The successful candidate will be expected to have excellent
communication and collaboration skills and to be able to work with the 
current faculty to create a vision and plan for the growth and develop-
ment of the Section. Level of appointment will be commensurate with 
qualifi cations and experience. 

Review of applications will begin February 1, 2007 and will continue 
until position is fi lled. We will only accept electronic submissions in the 
form of a single pdf fi le. Complete applications should contain copies of 
CV, list of three referees, statements of research and teaching interests, 
and synopsis of applicant’s goals or vision as a Chair. The complete 
application should be sent as a single PDF fi le attachment by email to 
ebesearchb@ucsd.edu with EBE Chair Search as the subject line.

Applicants are welcome to include in their cover letters a personal 
statement summarizing leadership efforts and/or contributions 
to diversity. UCSD is an Equal Opportunity-Affi rmative Action 

Employer with a strong institutional commitment to the achievement 
of diversity among its faculty and staff. Qualifi ed minority and women 

are especially encouraged to apply.

National Institute for Materials 
Science, a Japanese national
institute specializing in research
on materials science, employs
550 people, including 400
researchers, and 50 engineers.

RESEARCHER 

POSITIONS

• Nano-B io technology,
Molecular Biology, Cellular
Biology

• Spintronics Materials and
Devices

For more details:
http://www.nims.go.jp/eng/

employment/index.html

The University of Hong Kong is at the international forefront of higher learning and research, with more
than 100 teaching departments and sub-divisions of studies, and more than 60 research institutes and centres.
It has over 20,000 undergraduate and postgraduate students from 48 countries.  English is the medium of
instruction.  The University is committed to international standards for excellence in scholarship and research.

School of Biological Sciences
(Re-advertisement)

Applications are invited for appointments as: (1) Director of the School of Biological Sciences (at Chair
level) (Ref.: RF-2006/2007-15); and (2) Professor/Chair of Biological Sciences (Ref.: RF-2006/2007-16),
on tenured terms, or on a three-year fixed-term basis, tenable from July 1, 2007 or as soon as possible thereafter.

The newly formed School of Biological Sciences aspires to become a top research school in Asia with
world-class research and teaching.  The School has excellent research facilities and resources, and is supported
by a dedicated team of experienced academic and research staff.  The areas of expertise include biotechnology,
molecular and cell biology, comparative endocrinology, human nutrition, food technology, ecology and
biodiversity, marine biology and environmental toxicology.

Applicants should possess a distinguished research and teaching profile, proven academic leadership and a
strong commitment to high-quality teaching.  The Faculty seeks academic leaders of international stature
to undertake research of the highest quality in their fields, and to play a prominent role in academic leadership
in undertaking and encouraging interdisciplinary and collaborative research, helping to foster a highly
productive and supportive research culture in the Faculty, and enhancing the Faculty’s profile both locally
and internationally as a centre of excellence in research and teaching.  Research start-up funds will be
available.  For the position of Director, management experience would be an advantage.  Applicants who
have responded to the previous exercise which closed on October 31, 2006 need not re-apply.  Their
candidature will be considered together with that of the applicants of this round.

Starting annual salary (superannuable (for tenured terms), or attracting contract-end gratuity and University
contribution to a retirement benefits scheme, totalling up to 15% of basic salary) for a Chair is within the
non-clinical professorial range, the minimum of which is circa HK$1.1M, and that for a Professorship is
around HK$803,700 (approximately US$1 = HK$7.8) (subject to review from time to time at the entire
discretion of the University).

The University offers a highly competitive remuneration package inclusive of annual leave, sabbatical
leave, housing benefits, medical and dental benefits etc.  At current rates, salaries tax does not exceed 16%
of gross income.

Further  part icu lars  and app l icat ion forms (272 /302 amended )  can  be  obta ined a t
https://www.hku.hk/apptunit/; or from the Appointments Unit (Senior), Human Resource Section,
Registry, The University of Hong Kong, Hong Kong (fax: (852) 2540 6735 or 2559 2058; e-mail:
apptunit@hkucc.hku.hk). Questions about the posts should be addressed to Professor S. Kwok, Dean,
Faculty of Science (fax: (852) 2858 4620); e-mail: sunkwok@hku.hk). Closes January 31, 2007.

The University is an equal opportunity employer and
is committed to a No-Smoking Policy
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Post-Doctoral Scientist (m/f)
MR Imaging / in vivo Pharmacology

Your responsibilities:

- Responsibility for the MRI lab, equipped with a
Bruker Pharmascan 70/16 MR system

- Contribution to multiple drug discovery programs
by designing, performing and evaluating MRI
studies, e.g. to characterize mechanisms of drug
action or validate pharmacodynamic biomarkers

Your qualifications:

- PhD-level degree in the life sciences
- Familiar with MRI techniques
- Research/drug discovery experience specifically in

the field of tumor biology/cancer pharmacology
would be of advantage

- Team spirit and excellent communication skills
- English is our working language, German language

skills would be of advantage

If this position has drawn your attention and you feel
qualified, please apply online:
www.boehringer-ingelheim.at

Informal inquires may be directed to Dr. Frank
Hilberg (telephone: +43-1-80105-2351, e-mail:
frank.hilberg@vie.boehringer-ingelheim.com).

Reference number: 261

Boehringer Ingelheim Austria GmbH
Human Resources
Personnel Development & Recruiting
Dr. Boehringer-Gasse 5-11
A-1121 Vienna, Austria

www.boehringer-ingelheim.at

Boehringer Ingelheim ranks among the world‘s 20
leading pharmaceutical corporations. With almost 
37,500 employees in 47 countries we are a global 
team sharing knowledge and ambition to foster a 
healthier life.

Boehringer Ingelheim Austria is home to the 
corporation´s dedicated drug discovery center for 
oncology. More than 200 scientists, technicians,
and support staff drive our efforts to identify inno-
vative cancer medicines. We currently have an ope-
ning for a post-doctoral scientist within our 
Department of Pharmacology.

Value Through Innovation

The University of Konstanz and the Max Planck Society
invite applications for a

Chair of Ornithology

(Full Professor - W3) 
at the Department of Biology at the University of Konstanz

and

Director at the Max Planck Institute
for Ornithology

The chair holder will have a double appointment as a uni-
versity professor and as a Scientific Member of the Max
Planck Society and director of a new department at the
Max Planck Institute for Ornithology, Seewiesen, with its
branch institute (Vogelwarte/bird station) at Radolfzell
(Bodensee/Lake Constance).  

Ideally, applicants would work on topics in the field of
Ecological Immunobiology of Birds such as the ecology
of disease transmission, the consequences of infection on
health and behaviour or the ecological adaptations of the
avian immune system. The new Department of the Max
Planck Institute for Ornithology would complement cur-
rent lines of research of the Department of Behavioural
Ecology & Evolutionary Genetics and of the Department
Behavioural Neurobiology, both of which are working
with bird model systems.  The new department preferably
integrates activities of the Radolfzell branch of the institu-
te into the research program. The latter has extensive
expertise and infrastructure in monitoring bird migration
and breeding biology.

The future chair holder is expected also to complement
the scientific profile of the Department of Biology in
Konstanz, and to participate in its teaching program. 

Promising candidates will be invited to a scientific collo-
quium to be held in Konstanz in spring 2007. 

Application deadline: 01.02. 2007.

Both, the University of Konstanz and the Max Planck
Society are equal opportunity employers. Applications by
qualified female scientists are especially welcome. Hiring
priority will be given to disabled candidates with equal
qualifications.

Applications comprising a curriculum vitae, publication list,
reprints of the five most important publications, a list of
grants and awards, details of teaching experience, as well
as statements of current research topics, future research
directions and interests should be sent to: 

Prof. Dr. Bernhard Schink, Prorektor für Forschung,
Fachbereich Biologie, D-78457 Konstanz, Germany
www.uni-konstanz.de/FuF/Bio/

and to 

Prof. Dr. Manfred Gahr, Managing Director of the Max
Planck Institute for Ornithology, 82319 Seewiesen, Germany
(http://orn.mpg.de)
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Department of Biochemistry and Molecular Biology
Chairperson

Michigan State University invites applications and seeks nominations for
a Chairperson of the Department of Biochemistry and Molecular Biology. 
An outstanding scientist is sought to provide leadership that capitalizes 
on, but is not limited to, existing areas of research strength in genes and 
signaling, plant biochemistry, and structural and computational biology. 
Evidence of leadership in interdisciplinary research is an important quali-
fi cation. It is anticipated that the candidate will contribute to and build 
upon the highly collaborative research atmosphere within the department
and among the science departments, many of which are located in adja-
cent buildings. A growing medical science community offers additional 
research opportunities. State-of-the-art support facilities are available to 
enhance the new chairperson’s research program. 

The selected individual will be an experienced scholar with a vigorous 
well-funded research program and creative ideas for strengthening under-
graduate and graduate programs (the department has 300 undergraduate 
majors and more than 100 graduate students). More information about 
the department is available at http://www.bmb.msu.edu.

Applications will start being reviewed on January 15, 2007, and will 
continue to be considered until a suitable candidate is identifi ed. Send 
cover letter and C.V., including names of three individuals that could be 
contacted for a recommendation, to:

Lee Kroos

Chairperson Search Committee

Biochemistry andMolecular Biology

Michigan State University

East Lansing,MI 48824-1319

bmbsrch@msu.edu

Women and minorities are encouraged to apply.

The Department of Biology at The Pennsylvania
State University (http://www.bio.psu.edu/)
invites applications for a tenure-track Assis-
tant Professor position in Microbial Ecology.
We seek candidates who are developing inde-
pendent research programs in any system within
the broad fi eld of microbial ecology, to address 
ecology, evolution, and genetics of microbes.
Academic excellence will be the primary crite-
rion for evaluation. Joint appointments between
colleges and/or departments across the univer-
sity are possible. The successful candidate will
develop an externally funded research program 
and contribute to teaching at the undergraduate 
and graduate levels. A separate search for an 
Earth Systems Ecologist in the College of Earth
and Mineral Sciences is part of a coordinated
effort to strengthen ties between the life and
earth sciences at PSU.

Applicants should submit a letter of interest, cur-
riculum vitae, statements of research and teach-
ing interests, and have three letters of reference
sent to: Search Committee Chair, Microbial

Ecology Search, Box G, Department of Biol-

ogy, 208 Mueller Laboratory, University

Park, PA 16802. Review of applications will
begin on February 15, 2007 and will continue
until the position has been fi lled.

Women and minorities are encouraged to 
apply. Penn State is committed to Affi rmative 
Action, Equal Opportunity, and the diversity

of its workforce.

IN 2007

CNRS IS RECRUTING
MORE THAN 400 TENURED RESEARCHERS IN ALL SCIENTIFIC FIELDS*

This recruitment campaign is open to junior and senior researchers from all over 

the world. One of the major objectives of this campaign is to encourage international 

scientists to apply to CNRS.

CNRS researchers work in an enriching scientifi c environment:

›› numerous large-scale facilities

›› highly-skilled technical support

›› multiple networks throughout Europe and across disciplines

›› access to university research and teaching

›› lab-to-lab and international mobility

At CNRS, the long-term vision of excellence in basic research provides a solid 

foundation for cutting-edge technological research. Successful candidates to the 

CNRS benefit from the dynamics, stability and stimulation of belonging to a major 

research organization.

www.cnrs.fr

*Mathematics; Physics; Nuclear and High-Energy Physics; Chemistry;

Environmental Sciences ; Life Sciences; Humanities and Social Sciences;

Engineering Sciences; Earth Sciences and Astronomy; Communication

and Information Technology and Sciences.

Application deadline: January 15th 2007
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www.sciencecareers.org

You got
the offer

you always
dreamedof.

Nowwhat?

Reproductive Scientist to Head
Women’s Health and Infant Development Research Center

Eastern Virginia Medical School is making a
major commitment to strengthen, expand, and inte-
grate its Reproductive Sciences Research program.

As a first step in this process, we solicit applica-
tions for Professor and Head of a new Women’s Health
and Infant Development Research Center at EVMS.
The candidate is expected to:  (1) have a Ph.D. and/or
M.D.; (2) be a nationally recognized and established
scientist in the reproductive sciences; (3) have active
NIH R01 or comparable cutting-edge extramural
research grant support with translational impact; (4)
possess outstanding records of scholarly activity; and (5)
foster a collaborative research environment in the new
Research Center.  The specific area of research is open,
but potentially may be on fetal-placental development,
fetal programming, placental transport/metabolism, or
gene targeting/transfer. The new Center
Head will hold a primary academic
appointment within the Department of
Obstetrics and Gynecology and be

expected to participate in hiring an Associate Director,
foster collaborative research ties, establish a nationally
prominent research center and develop an NIH
Program Project or Centers Grant in perinatal/repro-
ductive biology.  Long-standing nationally acclaimed
research programs in non-human primate perinatal
endocrinology and reproductive endocrinology exist at
EVMS offering superb opportunities for collaboration
and growth. The Women’s Health and Infant
Development Research Center will span across and be
comprised of investigators from several academic
departments.

Applicants should submit a letter of interest, an
abbreviated NIH Bio-Sketch and full CV listing
research grant support to Eastern Virginia Medical
School, Office of the Dean, Women’s Health and

Infant Development Research, Lewis
Hall, Room 2019, 700 W. Olney Road,
Norfolk, VA, 23507, (Email:
hubandsb@evms.edu)

EVMS is an Equal Opportunity/Affirmative Action and Drug Free Workplace Employer and encourages applications of women and minorities.

Microbiologist
Biological Sciences

St. Cloud State University
Minnesota

The Department of Biological Sciences anticipates fi lling a tenure track faculty position at the 
Assistant or Associate Professor level for the academic year 2007-2008. The successful candidate 
is required to possess an earned Ph.D. in Microbiology, the Biological Sciences or related fi eld 
with post-doctoral experience. Incumbents will have shared responsibilities in teaching a subset of 
the following courses depending on qualifi cations and interests: two microbiology courses (one for
health professionals and one for majors), medical microbiology, virology, and/or parasitology. A
research program that complements existing department faculty interests (see department website) 
and has demonstrated potential for extramural funding is preferred. The faculty member will be 
expected to participate in a multi-disciplinary research environment that may include chemistry, 
geography, statistics, and molecular biology and involves undergraduate and graduate students. 
Advising and committee participation are expected. Faculty will be required to document the fol-
lowing for promotion and tenure: ability to teach effectively, perform scholarly achievement or 
research, continued preparation and study, contribution to student growth and development and 
service to the university and community. All candidates will be expected to demonstrate the ability 
to teach and work with persons from culturally diverse backgrounds.

Send: letter of application including statements of research plans and teaching philosophy, courses 
the applicant is most suited or interested in teaching from this ad, curriculum vitae, transcripts (copies
acceptable for initial screening), and the name, phone number, postal and e-mail addresses of three 
references. We will contact references to comment specifi cally upon your teaching ability, experience
and professional preparation. Submit materials to: Chair, Department of Biological Sciences, St. 

Cloud State University, 720 4th Avenue South, St. Cloud, MN 56301-4498. You may contact 

us by phone, (320) 308-4138, FAX, (320) 308-4166, or e-Mail, Biology@StCloudState.edu

or http://www.StCloudState.edu/biology. All materials must be postmarked by 16 Feb 2007

to be considered. E-mail or FAXed applications received after 16 Feb 2007 are not guaranteed 
consideration. 

SCSU is committed to excellence and actively supports cultural diversity. To promote 
this endeavor, we invite individuals who contribute to such diversity to apply, 
including minorities, women, GLBT, persons with disabilities and veterans. 

SCSU is a member of the Minnesota State Colleges and University System (MnSCU)
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From life on Mars 
to life sciences

For careers in science, 
turn to Science

Features include:

• Thousands of job postings

• Career tools from Next Wave

• Grant information

• Resume/CV Database

• Career Forum

If you want your career to skyrocket, visit 

ScienceCareers.org. We know science. We are

committed to helping you find the right job, 

and to delivering the useful advice you need. 

Our knowledge is firmly founded on the expertise

of Science, the premier scientific journal, and 

the long experience of AAAS in advancing 

science around the world. ScienceCareers.org is

the natural selection.

www.sciencecareers.org
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FACULTY
POSITIONS

In a pioneering international initiative, Weill Medical College

of Cornell University established the Weill Cornell Medical

College in Qatar (WCMC-Q) with the sponsorship of the

Qatar Foundation for Education, Science and Community

Development.  WCMC-Q is located in Doha, Qatar, and in

its fifth year of operation, Weill Cornell seeks candidates for

faculty positions to teach in Doha in:

NEUROPHYSIOLOGY

Following a two-year Pre-medical Program, the inaugural

class has now completed the second year of the traditional

four-year education program leading to the Cornell

University M.D. degree, which they will receive in May 2008.

The medical program at WCMC-Q replicates the admission

standards and the innovative problem-based curriculum,

which includes, among other things, integrated,

multidisciplinary basic science courses that are the hallmark

of the Weill Medical College of Cornell University.

Faculty, based in Doha, will be expected to teach their

specialty and to contribute to the academic life of the

Medical College. This unique program provides the

successful applicant with the opportunity to leave his/her

mark on a pioneering venture. A state of the art research

program, to be housed in WCMC-Q and focused on

genetics and molecular medicine and women and children’s

health will be initiated within the next year.  Teaching and

research facilities are situated within a brand new building

designed to Cornell specifications and located in Education

City in Doha amongst other American universities.

All faculty members at WCMC-Q are appointed by the

academic departments at Weill Cornell.

Further details regarding the WCMC-Q program and

facilities can be accessed at:

www.qatar-med.cornell.edu.

Candidates should have a M.D., Ph.D. or M.D./Ph.D. or

equivalent terminal degree. The successful candidate will

have strong teaching credentials and experience in teaching

medical students.  Salary is commensurate with training and

experience and is accompanied by an attractive foreign-

service benefits package.

Qualified applicants should submit a letter of interest

outlining their teaching and research experience and

curriculum vitae to:

facultyrecruit@qatar-med.cornell.edu

*Please quote Faculty Search #06-009-sci
on all correspondence

Cornell University is an equal opportunity, 
affirmative action educator and employer.

The screening of applications will begin immediately and 
continue until suitable candidates are identified.

Please note, due to the high volume of applications, 
only short-listed candidates will be contacted.

The Medical College of Wisconsin invites nominations and

applications for the position of Dean of the Graduate School of

Biomedical Sciences (www.mcw.edu/gradschool/). The College

seeks a strong and dynamic leader with a distinguished record of

research, teaching, and service including experience with issues

facing graduate education in a medical school environment. The

successful candidate will provide leadership for a graduate school

that comprises approximately 175 faculty members and currently

enrolls 164 PhD, 135 MPH, 105 MS, and 44 MA students. The

Dean will have primary responsibility for the Graduate School's

existing academic programs and for building new programs of

national and international distinction. The successful candidate

must hold a doctoral degree and possess academic credentials

for a tenured appointment at the rank of Professor. It is expected

that the appointee will have experience as a graduate mentor and

will have played a leadership role in a graduate program. The

successful candidate is encouraged to maintain an active

research program (50% time), and a development package and

research space commensurate with that effort will be provided.

The Dean provides the educational vision for the Graduate

School and reports directly to the President of the College. The

appointee will work closely with the Dean and Executive Vice

President of the Medical College and Department Chairs to

establish, implement and annually review the academic policies

of the College. In addition, the appointee will work closely with the

Division of Sponsored Research and the Research Foundation to

advocate for graduate education both within the College and with

external constituencies. The appointee will oversee the

administration of the Graduate School with respect to its missions

of graduate education, governance, program reviews, graduate

faculty coordination, and graduate student services.

The Medical College of Wisconsin (www.mcw.edu) is the largest

private research institution in Wisconsin, conducting over $130
million annually in funded research.Over the past several years the
College has been among the fastest growingmedical schools in the
United States in terms of NIH funding. The College is completing
major new research facilities. In addition, The Scientist magazine
ranked the Medical College of Wisconsin in the top 5 academic
institutions for postdoctoral training and in the top 50 best academic
centers at which to be a scientist. This appointment is expected to
build on the success of our graduate programs, which have trained
nationally and internationally recognized scholars.

TheMedical College is conveniently located in suburbanMilwaukee
and is part of an academic medical center that includes nationally
distinguished children's and adult hospitals that employ over 13,000
people. The College is located 8 miles west of Lake Michigan with
easy access to surrounding communities, lakes, and parks.

The position is available July 1, 2007. Salary and other
considerations will be competitive and consistent with the College's
commitment to recruiting the best-qualified individual. The Search
Committee will begin screening candidates in December (2006) and
will continue to review applications until the position is filled.
Applicants should provide a curriculum vitae, a statement of interest,
and the names and contact information of three references.

Address applications or nominations to:
Robert J. Deschenes, Ph.D.
Joseph F. Heil Professor and Chair of Biochemistry
Chair, Graduate School Dean Search Committee
Department of Biochemistry
Medical College of Wisconsin
8701 Watertown Plank Rd
Milwaukee, WI 53226
For further information, contact
Mary Beth Drapp, Executive Assistant at
414-456-4403 or at mdrapp@mcw.edu

The Medical College of Wisconsin is an

Equal Opportunity/Affirmative Action employer.

Dean of the Graduate School of

Biomedical Sciences
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There’s only one place to go for career advice if you value the

expertise of Science and the long experience of AAAS in

supporting career advancement - ScienceCareers.org. The

pages of Science and our website ScienceCareers.org offer:

• Thousands of job postings • Funding information

• Career advice articles and tools • Networking opportunities

www.sciencecareers.org

With thousands of job postings,

it’s a lot easier to track down a

career that suits me

You know, ScienceCareers.org

is part of the non-profit AAAS

For a career in science,

I turn to Science

That means they’re putting

something back into science

I want a career,

not just a job

Does your next career step 
need direction?

I have a great new research idea.

Where can I findmore grant options?

I got the offer I've been

dreaming of

Nowwhat?
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Assistant/Associate Professor of Pedology
Full-time, Tenure-track

The successful candidate is expected to develop an externally funded research program in soil genesis, classification, mapping, or 

morphology (including geomorphology). Research approaches to understand fundamental soil processes and applications that involve 

land use and environmental quality issues are highly desired. The candidate is also expected to teach one intermediate and one 

advanced course in pedology per year, coordinate the development of field skills of undergraduates, facilitate participation by graduate

students for a summer field trip, direct the studies of graduate students, and interface with government and professional organizations.

QUALIFICATIONS: Ph.D. in soil science or related field with an emphasis in soil mapping, morphology, genesis, classifi cation, and 

interpretation. The candidate must have experience in the description and characterization of soils in the field. An interest in teaching 

undergraduates and in collaborative research is also required. Training and experience in pedochemistry (including mineralogy),

pedometrics, geospatial technologies (especially remote sensing and spatial-temporal statistics), and geophysical techniques is desirable.

APPLICATION: Applicants should submit (electronic format preferred) a letter of application highlighting qualifi cations, statement 

of research interests, statement of teaching philosophy, curriculum vita, academic transcripts, and names and addresses (including e-

mail) of three professional references to: Dr. Daniel D. Fritton, Search Committee Chair, Department of Crop and Soil Sciences, The 

Pennsylvania State University, 116 Agricultural Sciences and Industries Building, University Park, PA 16802, 814-865-1143, ddf@psu.

edu. The closing date for applications is February 1, 2007 or until a qualified candidate is identified. Further details are available at

http://cropsoil.psu.edu/pdf/pedology_faculty_position.pdf.

Penn State is committed to affirmative action, equal opportunity, and diversity in its workforce

“Giancarla Vollaro” Foundation, 
Switzerland

Department of Medical Pharmacology, 
University of Milan, Italy

PROJECT LEADER POSITION 
In

“Effects of radiotherapy on neurons”

The “Giancarla Vollaro” Swiss Foundation,
the Department of Medical Pharmacology, 
the CNR Institute of Neuroscience and the
Department of Radiotherapy Niguarda Ca’
Granda Hospital invite applications for a
Project Leader position inside the laboratory
“Cell Biology of the Synapse”, Department of 
Pharmacology, University of Milano.

We are seeking researchers with PhD, MD
or equivalent degrees and postdoctoral
experience, who have the potential to develop 
a line of research that will address the effects of
radiotherapy on the neuron-astrocyte network
in brain.

The project is funded by the “Giancarla Vollaro” 
Swiss Foundation for a period of 36 months 
–renewable– with a net salary of 30,000-35,000
euros, depending on experience.

Applicants should send a curriculum vitae
and two letters of reference by January 15,

2007 to:
MichelaMatteoli

Dept. of Pharmacology

CNR Institute of Neuroscience

University of Milano

Via Vanvitelli 32

Email: m.matteoli@in.cnr.it

The Institute of Bioengineering at EPFL seeks

tenure track assistant professors in the broad field
of Bioengineering. Bioengineering at EPFL is
well integrated between the School of Enginee-
ring, Life Sciences and Basic Sciences. Appoint-
ments within the School of Engineering are
sought. The Institute enjoys close links to a clini-
cal environment through collaboration with the
Centre Hospitalier Universitaire Vaudois and the
School of Biology and Medicine of the University
of Lausanne.

The open faculty positions are offered in an envi-
ronment of both theoretical and experimental re-
search, rich for both seeking deeper understanding
of integrative (patho)physiological mechanisms

and developing novel technologial and bio-
therapeutic approaches at the levels of genes, bio-
molecules, cells and tissues.

The Institute seeks to grow at the interface of
engineering with experimental and theoretical
biology. Areas including biological imaging,

biological systems dynamics and computational
biology, biological transport phenomena, biopho-
tonics, biosensing and biodiagnostics, functional
genomics and proteomics, integrated systems, lab-
on-a-chip, man-machine interface, molecular and
cellular biomechanics, nanobiotechnology, neural
engineering, and prosthetics are particularly invi-
ted. Facilities for research are particularly strong,

including in imaging, cytometry and micro/nano-
fabrication.

Successful candidates are expected to initiate in-
dependent, creative research programs and partici-
pate in undergraduate and graduate teaching. We
offer internationally competitive salaries, start-up
resources and benefits.

Applications should include a resume with a list of
publications, a concise statement of research and
teaching interests, and the names and addresses
(including e-mail) of at least five referees.

Applications should be uploaded (as PDFs) by
March 15th, 2007 to http://biomed-rec.epfl.ch

Inquiries may be sent to :

Professor Jeffrey A. Hubbell

Chair of the Search Commission

Station 15

CH-1015 Lausanne, Switzerland

E-mail: ibi@epfl.ch

For additional information on the EPFL and the
Institute of Bioengineering, please consult:

- http://www.epfl.ch,

- http://sti.epfl.ch
- http://sv.epfl.ch
- http://ibi.epfl.ch.

The EPFL is an equal opportunity employer

Tenure Track Assistant

Professorships in Bioengineering

at Ecole Polytechnique Fédérale de Lausanne (EPFL)
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DIRECTOR GENERAL

El Centro Agronómico Tropical de Investigación y Enseñanza, CATIE, es 
un centro científi co regional para la agricultura y el manejo de los recursos 
naturales dedicado al desarrollo rural sostenible y a la reducción de la pobreza
en América Tropical. Su misión es contribuir a la reducción de la pobreza 
rural promoviendo una agricultura y manejo de los recursos naturales com-
petitivos y sostenibles, a través de la educación superior, investigación y 
cooperación técnica. 

Requisitos:

• Doctorado en Agricultura, Recursos Naturales, Ciencias Sociales o campos
afi nes.

• Amplia experiencia en investigación y en instituciones de educación
superior.

• Experiencia en manejo institucional de fi nanciamiento en agricultura y/o
el sector de recursos naturales renovables, en niveles nacionales e inter-
nacionales.

• Prestigio internacional reconocido.
• Ciudadano de un país miembro del sistema interamericano. 
• Completamente bilingüe español e inglés.
• Disponibilidad para residir con su familia en la Sede Central del

CATIE.
• Preferiblemente ciudadano de uno de los países miembros de CATIE.

Proceso de aplicación: Las personas interesadas deberán enviar en un
sobre rotulado Confi dencial, carta de aplicación, curriculum vitae, lista de 
publicaciones, tres referencias personales y tres referencias profesionales 
relacionadas con el trabajo gerencial y científi co, a la siguiente dirección:
Adriana ArceMena, Área de Recursos Humanos, 7170 CATIE, Turri-
alba, CostaRica; aarce@catie.ac.cr; Teléfono: 558-2654, Fax: 558-2506.
Fecha límite de recepción: 30 marzo 2007 a las 16 horas

EL CATIE BUSCA ENRIQUECER SU PERSONAL EN TÉRMINOS 
DE GÉNERO; POR TANTO, INSTA A HOMBRES Y MUJERES EN 

IGUALDAD DE CONDICIONES A PARTICIPAR. EL CATIE NO HACE 
DISCRIMINACIÓN POR ORIGEN ÉTNICO, CREDO 

RELIGIOSO O POLÍTICO. 

A Global
University of Excellence

Nanyang Technological University (NTU), a top research university in Asia-Pacific, is building its science
school rapidly and is seeking outstanding candidates for appointment as Professors of  Chemistry or
Physics or Mathematical Sciences. The areas of  emphasis are as follows:

Chemistry & Biological Chemistry

• Synthesis Methodology and Catalysis • Medicinal Chemistry
• Bioorganic, Bioinorganic, Bioanalytical • Green Chemistry

and Biophysical Chemistry • Theoretical & Computational Chemistry

Physics & Applied Physics

• Condensed Matter Physics, Soft Condensed • Laser Physics, Photonics and Atom Optics
Matter Physics and Biophysics • Semiconductor Physics, Spintronics and

• Nanoscience, Surface Science and Organic Electronics
Low Dimensional Systems

Mathematical Sciences

• Computational Mathematics & Applications • Discrete Mathematics & Applications
• Interdisciplinary Science with significant • Probability, Statistics & Applications

mathematical content

We seek candidates with distinguished achievement in research and who also excel in teaching.
Singapore has multiple sources for competitive research funding and NTU provides the environment for
cutting edge interdisciplinary research.

Candidates with potential for distinction may also apply to be considered for tenure-track positions at the
Assistant Professor or Associate Professor level.

Further information at: http://www.spms.ntu.edu.sg/home/vacancies

Closing date: 31 March 2007

Enquiries to: Search Committee
School of Physical & Mathematical Sciences
E-mail: claire@ntu.edu.sg

SCHOOL OF PHYSICAL & MATHEMATICAL SCIENCES

Professor of Chemistry
Professor of Physics
Professor of Mathematical Sciences

THE UNIVERSITY OF TEXAS

SOUTHWESTERN MEDICAL 

CENTER

ASSISTANT PROFESSORS: The Department
of Physiology invites outstanding scientists
with Ph.D., M.D., or equivalent degrees to
apply for tenure-track assistant professor posi-
tions. Candidates who use innovative optical, 
mechanical, electrical, molecular biological or 
computational methods with important appli-
cations to physiological systems, ranging from 
individual genes and proteins to cells and organs 
are encouraged to apply.

These positions are part of the continuing
growth of the Department at one of the country’s 
leading academic medical centers and will be 
supported by signifi cant laboratory space on our
new campus, competitive salaries, and excep-
tional start-up packages. The UT Southwestern 
is the scientifi c home to four Nobel Prize lau-
reates, 17 members of the National Academy 
of Sciences and 19 members of the Institute of 
Medicine. More than 2,000 research projects
are supported by $300 million grant funding
annually at UT Southwestern. 

Applicants should submit curriculum vitae, a 
brief statement of research plans, and arrange 
to have three letters of reference sent to: James

Stull, Ph.D., c/o Gena McElyea, Department

of Physiology, The University of Texas South-

western Medical Center, 5323 Harry Hines

Boulevard, Dallas, TX 75390-9040.

UT Southwestern strongly encourages 
applications from women, minorities, and 
people with physical challenges. An Equal 

Opportunity Employer.
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It’s an exciting time to be at the University of

Kentucky. Our Top 20 Business Plan — which has

been enthusiastically supported by Kentucky’s elected

leaders — includes a research enterprise that will

grow to $768 million annually by 2020, creating an

immediate need for 100 new faculty and researchers

plus 625 more over the next

decade. All 16 colleges have

available positions that offer

unparalleled opportunities for

cross-disciplinary collaboration.

What’s more, we’re

conducting groundbreaking,

nationally prominent research in areas ranging from

medicine and pharmaceutical sciences to

anthropology and Appalachian culture.

Add to that 281 active patents on campus and an

environment for robust translational research with an

active technology incubator and it’s no wonder we’re

on track to become one of the nation’s 20 best public

research universities.

Need more reasons to consider a career with the

University of Kentucky? Visit our Web site at

www.uky.edu/professors.

Dream. Challenge. Succeed.

Be part of our plan to 
become aTop 20 university.

Is your future as
bright as ours?

www.uky.edu

An Equal Opportunity University

Three Faculty Positions
Environmental Biotechnology Center

College of Natural Resources and the Environment

University of Massachusetts Amherst

The Environmental Biotechnology Center, located in the Department
of Microbiology, College of Natural Resources and the Environment
at the University of Massachusetts Amherst, invites applications for
three faculty positions at the rank of Assistant, Associate or Full
Professor. It is anticipated the senior positions will include a tenured
appointment. Applicants should have extensive research experience
and a successful record acquiring grant funding preferred. The
Environmental Biotechnology Center currently supports multi-
departmental, interdisciplinary, genome-enabled research in
bioremediation and microbial production of electricity that involves
microbiologists, biochemists, engineers, computer scientists,
mathematicians, and materials scientists. The Center is expanding
its research capabilities and is currently seeking established
investigators who can develop creative research programs in the
genome-enabled study of microbial processes of environmental
significance with proven track records in one of the following areas:

Systems Biology/Genome–scale modeling of microorganisms

Expertise in the study of microbial physiology guided by genome-
scale models.

Comparative Genomics - Expertise in mining large-scale data sets
of numerous whole genome sequences of environmentally relevant
microorganisms and associated whole-genome gene expression and
proteomic data in order to better understand the physiology and
evolution of these organisms.

Microbial Evolution - Expertise in modeling and predicting the
evolution of single strains or communities of microorganisms
evolving in response to environmental change, to fill novel
ecological niches, or in response to directed evolutionary pressure
for bioremediation or energy production applications.

Molecular Ecology/Environmental Genomics - Expertise in the
application of molecular biological tools to the study of the in situ

physiology and ecology of microorganisms living in pristine or
contaminated environments. Areas of particular interest include
quantitative analysis of in situ gene expression and analysis of the
genomes of uncultured microbes in environments of interest.

Biochemistry/Proteomics - Expertise in the purification and
characterization of novel microbial proteins of environmental
relevance and/or the large-scale analysis of protein abundance/
function in pristine or contaminated environments.

Bioremediation - Expertise in the bioremediation of widespread
contaminants such as chlorinated compounds, solvents, or
hydrocarbons with an emphasis on the study of the physiology 
of the microorganisms involved in the degradation of these
contaminants and/or molecular approaches to monitoring these
bioremediation processes in contaminated environments.

Review of applications will begin February 1, 2007. The search will
continue until all positions are filled. Applicants should send a letter
of application, a curriculum vitae, a summary of research interests
and grant awards, representative publications, and arrange to have
3 letters of recommendation sent directly to: 

Associate Dean Steve Goodwin
College of Natural Resources and the Environment
Stockbridge Hall
University of Massachusetts
Amherst, MA  01003

The University is part of the 5-College Consortium in the beautiful
Pioneer Valley of western Massachusetts, with excellent social,
cultural, and recreational amenities in a town and rural setting. 
We are 2 hours from Boston and 3 hours from New York City.

The University provides an intellectual environment committed to
providing academic excellence and diversity including mentoring

programs for all faculty. The College and the Department are

committed to increasing the diversity of the faculty, student body

and the curriculum. The University of Massachusetts is an
Affirmative Action/Equal Opportunity Employer. Women and

members of minority groups are encouraged to apply.
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FACULTY POSITION

Department of Molecular Pathology
The University of Texas

M. D. Anderson Cancer Center
The Department of Molecular Pathology at The University
of Texas M. D. Anderson Cancer Center invites applications

for tenure /tenure-track faculty positions at the ASSISTANT
PROFESSOR and PROFESSOR levels. We are seeking

outstanding investigators with special emphasis on

molecular mechanisms of solid tumor stem cell involvement

in cancer and application to diagnosis and therapy. Ph.D.

or M.D. scientists with appropriate research experience
should submit curriculum vitae, a short summary of research
interests and three let ters of reference to:

Dr. Ralph B. Arlinghaus, c/o Ms. Alice Powell
Department of Molecular Pathology (Unit 951)

The University of Texas M. D. Anderson Cancer Center
P.O. Box 301429, Houston, TX 77230-1429

E-mail :apowell@mdanderson.org.

M. D. Anderson Cancer Center is an equal opportunity employer and does
not discriminate on the basis of race, color, national origin, gender, sexual
orientation, age, religion, disability or veteran status except where such
distinction is required by law. All positions at The University of Texas M. D.
Anderson Cancer Center are security sensitive and subject to examination of
criminal history record information. Smoke-free and drug-free environment.

FACULTY – BIOLOGY

St. Thomas University invites applications for a continuing track position in biology at the Assistant, 
or Associate Professor level, depending on experience, starting August 2007. A PhD and three years 
postdoctoral laboratory research experience required. Applicants at the Associate level must have an 
established and funded research program.

We are searching for an individual who will thrive in a liberal arts environment that combines a strong
commitment to teaching and research. Mentoring of undergraduate research students is expected. 
Candidates with research interests that complement the developing cell science program are particu-
larly encouraged to apply. Specifi cally, research involving microbial physiology and developmental 
genetic models will be given preference. The successful candidates will be expected to teach at all 
levels of the curriculum and establish an externally funded research program that provides rigorous 
collaborative research projects for undergraduates. Opportunities exist for research collaboration 
within the developing biomedical research community spawned by the newly forming Scripps
Research Institute in South Florida.

Research laboratory space and infrastructure will be provided in our new building. Lab facilities 
include molecular, histological and microscopy cores.

The department is a multi-discipline unit consisting of 20 full-time and adjunct faculty members. 
We offer Bachelor of Arts degrees in biology, computer science, and computer information systems 
in addition to our pre-nursing and pre-engineering programs.

Located in Miami Gardens, Florida, St. Thomas University is a Catholic university with rich cultural 
and international diversity. Our community includes more than 2600 students and 105 full-time 
faculty members. Further information is available at http://www.stu.edu/.

Completed applications received by February 1, 2007 will receive full consideration with later appli-
cations as needed until position is fi lled. Send letter of application, curriculum vitae, undergraduate 
and graduate transcripts (unoffi cial copies are acceptable initially), statement of research interests, 
statement of teaching philosophy, and a list of at least three references to: Lenore Prado,Associate

Director of Human Resources, St.ThomasUniversity, 16401 NW37Ave.,Miami Gardens, FL

33054. Email: facsearch@stu.edu. Fax: (305) 628- 6510.

St. Thomas University is an Equal Opportunity Employer.

Center for Bioinformatics and 
Computational Biology/UMIACS

Department of Computer Science
Assistant, Associate, and Full Professor

The University of Maryland invites applications for faculty positions at the 
assistant, associate, and full professor level in the Center for Bioinformatics 
and Computational Biology (www.cbcb.umd.edu), to be appointed jointly
with the Computer Science Department (www.cs.umd.edu). The University 
has committed the resources to recruit several new tenured and tenure-track
faculty for the Center, directed by Dr. Steven Salzberg, in order to establish a 
world-class location for research in bioinformatics, computer science, applied 
mathematics, statistics, molecular biology, genetics, and genomics.

Senior candidates will be expected to lead internationally prominent research 
programs in computational aspects of genomics and bioinformatics. All appli-
cants are expected to have publications and research experience with strong 
components of biological science and computing. Experience in interdisci-
plinary collaboration is an important asset. Exceptional candidates from areas 
outside of computer science are also encouraged to apply.

The faculty will be housed in contiguous space dedicated to the Center, and 
will have access to signifi cant high-end computing infrastructure through the 
University of Maryland Institute for Advanced Computer Studies. The Univer-
sity of Maryland is located near the nation’s capital in Washington, D.C., and 
offers excellent potential for collaborationwith other outstanding bioinformatics
and genomics research groups nearby, in organizations such as the NIH, The 
Institute for Genomic Research, the University of Maryland Biotechnology 
Institute, and the Smithsonian Institution.

Applicants are asked to apply online at https://www.cbcb.umd.edu/hiring/
online/2007, or by following the link from http://www.cbcb.umd.edu/
aboutus/jobs.shtml. For best consideration applications should be received 
by January 15, 2007, but applications may be accepted until the position is 
fi lled.

The University of Maryland is an Affi rmative Action, Equal Opportunity 
Employer. Women and minorities are encouraged to apply.
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Chair
Department of Microbiology

The School of Medicine of the University of North Carolina at Chapel Hill 
is initiating a search for a Chair to lead its Department of Microbiology. 
The selected individual will be expected to provide effective academic and 
administrative leadership for the research and teaching programs of this fi ne
department, one that has strong collaborative relationships with many of the 
other departments, research centers, and institutes within the University.

Minimum qualifi cations for this position include a Ph.D. and/or an M.D. 
degree, a distinguished record of scientifi c research and extramural fund-
ing, evidence of administrative skills, and a commitment to student and
post-graduate education. Candidates should have demonstrated ability to 
lead and manage a multifaceted academic department. Consideration of
candidates will begin immediately and will continue until the search has 
come to a successful conclusion.

Letters nominating qualifi ed candidates are requested and may be sent to:
Richard Boucher, MD

Chair, Microbiology Chair Search Committee

Offi ce of the Dean, School of Medicine

University of North Carolina at Chapel Hill

CB# 7000, 4060 Bondurant Hall

Chapel Hill, N.C. 27599-7000

ATTN: Jennifer Nall

microchairsearch@med.unc.edu

Interested individuals should submit a cover letter, a current Curricu-
lum Vitae, and the names, addresses, and contact information (e-mail 
addresses and phone numbers) of four or more references. These docu-
ments can best be submitted by logging on to the following website:
http://www.med.unc.edu/chairsearch

The University of North Carolina at Chapel Hill is an 
Equal Opportunity Employer.

Postdoctoral Fellowship
Awards in the Early
Detection of Cancer

Canary Foundation, in partnership with the American Cancer Society, 
is extending its postdoctoral fellowship program focused on studies 
in the tools and technologies for developing strategies for the early 
detection of cancer. Research should be directed at new approaches to 
improve clinical methods for the screening of primary tumors and/or 
metastases. 

Awards will be 3 years with stipends of $42,000, $44,000, and $46,000
per yr, plus an annual $4,000 institutional allowance. Based upon avail-
ability of funds and scientifi c merit of the applications, it is anticipated
that up to 3 awards will be made. To restrict funding to full 3 year fel-
lowships, applicants may, at the time of application, have had no more 
than 2 years of research experience beyond their terminal degree (MD 
or PhD). Applicants must be US citizens or permanent residents work-
ing with an accomplished mentor at a non-profi t institution. Awardees 
will be asked to attend the “Realizing the Promise” Early Detection 
Symposium May 22-24, 2007. 

Deadlines: Letter of intent: January 16, 2007; Application: Febru-

ary 20, 2007. For information regarding policies, submission of the 
letter of intent, or to obtain an application, go to the ACS website 
www.cancer.org/research. To learn about the Canary Foundation, visit 
www.canaryfoundation.org. For inquiries, contact WilliamPhelps,
PhD at 404-929-6835 (william.phelps@cancer.org) or Christopher
Widnell at 404-329-7552 (Christopher.widnell@cancer.org)

FACULTY
POSITIONS

In a pioneering international initiative, Weill Medical College

of Cornell University established the Weill Cornell Medical

College in Qatar (WCMC-Q) with the sponsorship of the

Qatar Foundation for Education, Science and Community

Development.  WCMC-Q is located in Doha, Qatar, and in

its fifth year of operation, Weill Cornell seeks candidates for

faculty positions to teach in Doha in:

BIOCHEMISTRY

Following a two-year Pre-medical Program, the inaugural

class has now completed the second year of the traditional

four-year education program leading to the Cornell

University M.D. degree, which they will receive in May 2008.

The medical program at WCMC-Q replicates the admission

standards and the innovative problem-based curriculum,

which includes, among other things, integrated,

multidisciplinary basic science courses that are the hallmark

of the Weill Medical College of Cornell University.

Faculty, based in Doha, will be expected to teach their

specialty and to contribute to the academic life of the

Medical College. This unique program provides the

successful applicant with the opportunity to leave his/her

mark on a pioneering venture. A state of the art research

program, to be housed in WCMC-Q and focused on

genetics and molecular medicine and women and children’s

health will be initiated within the next year.  Teaching and

research facilities are situated within a brand new building

designed to Cornell specifications and located in Education

City in Doha amongst other American universities.

All faculty members at WCMC-Q are appointed by the

academic departments at Weill Cornell.

Further details regarding the WCMC-Q program and

facilities can be accessed at:

www.qatar-med.cornell.edu.

Candidates should have a M.D., Ph.D. or M.D./Ph.D. or

equivalent terminal degree. The successful candidate will

have strong teaching credentials and experience in teaching

medical students.  Salary is commensurate with training and

experience and is accompanied by an attractive foreign-

service benefits package. 

Qualified applicants should submit a letter of interest

outlining their teaching and research experience and

curriculum vitae to:

facultyrecruit@qatar-med.cornell.edu

*Please quote Faculty Search #06-008-sci
on all correspondence

Cornell University is an equal opportunity, 
affirmative action educator and employer.

The screening of applications will begin immediately and
continue until suitable candidates are identified.

Please note, due to the high volume of applications, 
only short-listed candidates will be contacted.
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POSITIONS OPEN

TENURE-TRACK FACULTY POSITION IN

PATHOBIOLOGY

University of Maryland Biotechnology

Institute, Shady Grove

Center for Advanced Research in Biotechnology

Center for Biosystems Research

The University of Maryland Biotechnology Insti-
tute (UMBI) invites applications from exceptional
candidates for a tenure-track faculty position at the
level of ASSISTANT PROFESSOR. This position
is part of an effort to increase the integration of cur-
rent programs among the Center for Biosystems
Research (website: http://www1.umbi.umd.

edu/Ècbr), the Center for Advanced Research in
Biotechnology (website: http://carb.umbi.umd.

edu/) and the National Institute of Standards and
Technology (NIST). The successful candidate will
be expected to develop a competitive and externally
funded research program in the field of pathobiol-
ogy advanced analytical methods.

UMBI Shady Grove recently opened a 140,000
square-feet research facility with new capabilities to
accommodate diverse research programs requiring
biocontainment (BL3), small animals, plant growth
needs (growth chambers and greenhouse) and trans-
genesis (insects and plants). These facilities add to out-
standing resources for conducting bioinformatics,
X-ray crystallography, nuclear magnetic resonance
spectroscopy and biophysical measurements. UMBI
Shady Grove is located in the Baltimore/Washington
area_s biotechnology corridor with convenient access
to the National Institutes of Health, NIST, and the
U. S. Department of Agriculture research campuses.

Qualifications: Ph.D. in biochemistry or related
field, postdoctoral experience, and knowledge skills
in pathobiology. Applicants with research interests
and proven accomplishments in areas broadly related
to pathobiology will be considered. Candidates with
interests in plant or animal pathogens, parasites, vec-
tors or the responses of hosts to infection are en-
couraged to apply, especially those that may interact
with scientists in structural biology, biophysics and
molecular interactions, genomics and proteomics, or
computational biology at UMBI Shady Grove.

Applicants should submit their curriculum vitae
(referencing position 300880), a summary of future
research plans, and names of three references (PDF
file) electronically to e-mail: carbsrch@umbi.umd.

edu or by mail to: Pathobiology Search Commit-

tee, University of Maryland Biotechnology Insti-

tute, Shady Grove, 9600 Gudelsky Drive, Rockville,

MD 20850.

Review of candidates will begin January 1, 2007,
and continue until the position is filled.

UMBI is an Equal Employment Opportunity/ADA/Af-
firmative Action Employer.

PROTEOMIC CANCER RESEARCH POSITION

Eastern Virginia Medical School

A position is available in the Center for Biomed-
ical Proteomics at the Postdoctoral level. The re-
search involves the application of mass spectrometry
in cancer-related translational and basic research.
The successful applicant will utilize state-of-the-art
proteomics tools and molecular techniques housed
within well-equipped modern laboratories. The po-
sition requires a Ph.D. with expertise in protein
chemistry, mass spectroscopy, or molecular biology.
Interested individuals should send curriculum vitae
and three letters of recommendation to:

O. John Semmes, Ph.D.

Department of Microbiology and

Molecular Cell Biology

Eastern Virginia Medical School

700 West Olney Road

Norfolk, VA 23507-1696

E-mail: semmesoj@evms.edu

Eastern Virginia Medical School is an Equal Opportunity,
Affirmative Action Employer and a drugfree workplace.

POSITIONS OPEN

EARTH SCIENCES CURATOR/

PALEONTOLOGIST

University of Alaska, Fairbanks

The University of Alaska Museum of the North
and the Department of Geology and Geophysics at
the University of Alaska, Fairbanks, invite applica-
tions for a tenure-track, ASSISTANT PROFES-

SOR position as Curator of Earth Sciences. We seek
a dynamic individual who will instill his/her enthu-
siasm for paleontology in both students and the
public. Applicants who can successfully implement
their vision for using natural history collections on
the leading edge of science are especially encouraged
to apply.

Applicants must have an earned Ph.D. in paleontol-
ogy or a closely related field prior to hire. Teaching,
curatorial, and postdoctoral experience is preferred.
The successful candidate is expected to establish a
vigorous, externally funded research program; curate
and expand the Museum_s Earth Sciences collec-
tions; collaborate with existing faculty with interests
in sedimentology, stratigraphy, geochronology, Quater-
nary geology, evolutionary biology, and paleocli-
matic or paleoenvironmental reconstruction; teach at
least one course per year; and advise undergraduate,
M.S., and Ph.D. students. Preferred applicants will
have a strong background in developing, managing,
and using museum collections, and in a specialized
research area in paleontology, which is flexible. Ex-
perience working with or teaching diverse student
populations is desirable. A newly expanded museum,
collections laboratory, startup funds, and super-
computer facilities are available. Further information
about both the Department and Museum is available
at website: http://www.uaf.edu/geology and

www.uaf.edu/museum.

Interested applicants should apply online atwebsite:

http://www.uakjobs.com by completing an applica-
tion form and uploading curriculum vitae, three letters
of reference, copies of key publications, and separate
statements summarizing experience and long-term
goals in research, curation, and teaching . Screening
of applications will begin on January 1, 2007, and
continue until the position is filled. Questions about
this announcement can be addressed to Molly Lee

(e-mail: ffmcl@uaf.edu). The University of Alaska is an
Affirmative Action/Equal Opportunity Employer. Women
and minorities are encouraged to apply.

POSTDOCTORAL RESEARCH

PARTICIPATION POSITION

Nanotechnology-Based Targeted Anti-Viral

Therapeutics Air Force Research Laboratory

Wright Patterson Air Force Base, Dayton, Ohio

The Air Force Research Laboratory at Wright-
Patterson Air Force Base, in collaboration with Wright
State University, has an immediate postdoctoral po-
sition for an outstanding VIRAL, CELLULAR, or

MOLECULAR BIOLOGIST to join a research team
working in the nanotechnology area. You will con-
duct research on how metallic nanomaterials interact
with and inhibit viral proteins and particles, using
cell-based in vitro model systems to evaluate anti-
viral effects and host cell toxicity. For more infor-
mation on how to apply, e-mail: jeffrey.johnson@

orau.org.

Christopher Newport University (CNU), Depart-
ment of Biology, Chemistry, and Environmental
Science seeks tenure-track ASSISTANT PROFES-

SOR in biology starting August 2007. Will teach/
conduct research in fish biology and aquatic ecology
and teach introductory biology courses. Ph.D. in ap-
propriate field by June 1, 2007 for tenure-track ap-
pointment. All-but-dissertation candidates may be
considered for nontenure-track instructor appoint-
ment. CNU, a young, selective state-supported lib-
eral arts and sciences University of 4,800 students, is
located on the Virginia Peninsula between Williams-
burg and Virginia Beach. Full job posting (number
8089)/application details at website: http://hr.cnu.

edu/vacancies/index.html. Deadline: January 15,
2007. Equal Opportunity Employer.

POSITIONS OPEN

TENURE-TRACK FACULTY POSITION IN

STRUCTURAL BIOLOGY

University of Maryland Biotechnology

Institute, Shady Grove

Center for Advanced Research in Biotechnology

Center for Biosystems Research

As part of a major new expansion, the Univer-
sity of Maryland Biotechnology Institute (UMBI)
invites applications for a tenure-track faculty position
(ASSISTANT PROFESSOR) in structural biology
(X-ray crystallography or nuclear magnetic resonance
spectroscopy ENMR^). The successful candidate will
be expected to develop a competitive and external-
ly funded research program using structural biol-
ogy approaches to address contemporary biological
questions.

The Shady Grove Campus of UMBI includes sci-
entists from the Center for Advanced Research in
Biotechnology (CARB, website: http://carb.umbi.

umd.edu/), the Center for Biosystems Research
(CBR, website: http://www1.umbi.umd.edu/

Ècbr/), and the National Institute of Standards and
Technology (NIST). The campus is located in the
heart of a major biotechnology community with easy
access to the National Institutes of Health and NIST.
The successful candidate will benefit from existing
strengths in structural biology, biophysical chemis-
try, and computational biology at CARB, and from
research into complex biological systems and patho-
biology at CBR. State-of-the art facilities and sup-
port for X-ray crystallography and NMR are available
at Shady Grove.

Qualifications: Ph.D. in biochemistry or related
field, postdoctoral experience and knowledge skills
in structural biology. Applicants will be considered
who have research interests in any area of contem-
porary structural biology, including biomedical, plant,
or insect biology. Applicants should submit their
curriculum vitae (referencing position 300881), a
summary of future research plans, and names of three
references (PDF file) electronically to e-mail: carbsrch@

umbi.umd.edu or by mail to: Structural Biology

Search Committee, University of Maryland Bio-

technology Institute, Shady Grove, 9600 Gudelsky

Drive, Rockville, MD 20850.

Review of candidates will begin January 1, 2007,
and continue until the position is filled.

UMBI is an Equal Employment Opportunity/ADA/Af-
firmative Action Employer.

FACULTY POSITION

University of Minnesota

In response to the University of Minnesota_s Pres-
idential Initiative on Biocatalysis, the Department
of Biochemistry, Molecular Biology, and Biophysics
and the Biotechnology Institute seek to hire an
outstanding faculty member in the area of microbial
biochemistry and genomics. The position will be in
the Division of Microbial Biochemistry and Bio-
technology and is expected to be at the tenure-track
ASSISTANT PROFESSOR level, but open to
outstanding candidates at any level. Review of ap-
plications will continue until the position is filled. All
candidates must have a Ph.D. degree and a strong
publication record. Postdoctoral or equivalent expe-
rience is desired. To apply please send curriculum
vitae and statements of research and teaching inter-
ests, and arrange to have sent three letters of recom-
mendation that consider both teaching and research
potential to: BMBB Search Committee Chair, c/o

Kristi Iskierka, Department of Biochemistry,

Molecular Biology, and Biophysics, 1479 Gortner

Avenue, Saint Paul, MN 55108 U.S.A. An appli-
cation sent by e-mail to e-mail: bti@umn.edu should
be followed by a hard copy sent to the address above.
The University of Minnesota is an Equal Opportunity Educator
and Employer.
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NanoScience Technology Center 
Faculty Positions

We seek outstanding candidates for full or associate professor positions in
the NanoScience Technology Center (NSTC) at UCF (www.nanoscience.

ucf.edu) to lead interdisciplinary nanoscience research in the broad areas
of photonics, imaging, quantum information, materials, biomolecular sci-
ence and energy. Exceptional junior candidates in theoretical nanoscience
will also be considered for tenure-track positions. The NSTC is a recently
established Center with 13 faculty and 32 graduate students working in 
20,000 square feet of state-of-the-art laboratory space.

Applicants who have an interest in commercial applications of their work
or existing commercial ventures are encouraged to apply. UCF supports 
such activities through the UCF Technology Incubator which was awarded
the 2004 NBIA Technology Incubator of the Year. Competitive packages 
and customized laboratories will be offered to successful candidates.
There are ample opportunities to collaborate with researchers in UCF’s
other centers such as optics (CREOL), advanced materials (AMPAC),
biomolecular science (BMSC) and energy (FSEC) as well as the academic 
departments. UCF has about 47,000 students and is located in Orlando,
a dynamic and progressive metropolitan region that is an excellent place 
to live and work.

Review of candidates will begin on January 15, 2007 and will continue 
until all positions are fi lled. Please send curriculum vitae, summary of 
research and teaching plans, and list of three or more references to:Ms.
RajeswariNatarajan,ProgramCoordinator, NSTC, 12424Research

Parkway, Suite 400, Orlando, FL 32826 (rnataraj@mail.ucf.edu).
Electronic applications are encouraged.

UCF is an Affi rmative Action Employer. Women and minorities are 
encouraged to apply. UCF makes all application materials, including 
transcripts, and all search materials available for public review upon 

request, in accordance with Florida Statutes.

Scientifi c Program Director

The American Cancer Society (ACS) is seeking a Scientifi c Program Direc-
tor to lead the Society’s extramural research and training effort in the areas 
of clinical cancer research, epidemiology, hematology and immunology. The
position is located at the National Home Offi ce in Atlanta, Georgia.

The responsibility of this position is to assure unbiased, rigorous, peer review
of grant applications. This involves ensuring ACS requirements are met, 
assigning applications to appropriate committee members, conducting site 
visits when necessary and administering awarded grants. In addition, the 
Program Director will identify and recruit qualifi ed scientists to serve on the
peer review committees. The Program Director will serve as an expert source
of information on advances in cancer research and the ACS grant programs 
to Society volunteers, staff, donors and national organizations and agencies,
and advise about promising future areas of investigation in his or her specifi c 
area of expertise. He or she will also play a signifi cant role in promoting 
the Society’s Research and Training Program, and in that capacity will be 
called upon to convey the achievements of the Program to professional 
and lay audiences, and to support the fund-raising efforts of the Society. 
Depending on personal interest, there is the potential for involvement in 
the Society’s cancer control and health promotion programs. 

Minimum requirements are an MD or equivalent degree, 5-years experience
as an established investigator, and well-published in the peer reviewed lit-
erature. Familiarity with clinical trials is desirable. Excellent communication
skills are essential, including the ability to make presentations on cancer 
research topics to non-scientifi c audiences. Salary is commensurate with 
the candidate’s qualifi cations and experience. Candidates should submit a 
CV and letter of interest, the names of three references, and an indication 
of salary requirements to: John Stevens, MD, Vice President for Extra-

mural Grants, Research Department, American Cancer Society, 1599 

Clifton Road, NE, Atlanta, GA 30329; email: john.stevens@cancer.org.
Interviewing will start immediately until the position is fi lled.

The Los Alamos National Laboratory is a premier basic and applied 
science laboratory, specializing in multidisciplinary research to 
meet national security needs. LANL is one of the largest research 
institutions in the world, with an annual budget of approximately 
$2.1 billion. To create and foster innovations in science, technol-
ogy, and engineering, the Laboratory employs the best and bright-
est people and provides an environment to deliver system solu-
tions for our country’s national security, now and in the future. 
The Laboratory is currently seeking:

BIOSCIENCE DEPUTY DIVISION LEADER

Bioscience Division supports national security missions by per-
forming basic research and integrating emerging technologies 
into functional systems.  The principal mission focus is to address 
issues in environmental stewardship and public health that impact 
national security. To meet this goal, the Division employs 250
individuals including a Division Leader and Deputy Division Leader 
who work together to provide leadership, strategic/tactical plan-
ning and management for high quality research and development. 
The Division’s R&D is performed in a collaborative environment 
involving technical staff from throughout the Laboratory as well 
as external collaborators. The Division is seeking a dynamic 
Deputy Division Leader with a distinguished research record and 
excellent leadership skills whot wishes to join our management 
team to provide strategic direction for the Division and to devel-
op world-class, multidisciplinary research. A Ph.D. and strong 
research record in a bioscience-related area are required. In
addition, a track record of working with sponsors such as the DOE
Office of Science, Department of Homeland Security, and other 
federal agencies, as well as past collaborations with academic 
institutions are desired. Job# 213745

GENOME CENTER DIRECTOR

LANL is one of the partner institutions of the Department of 
Energy’s Joint Genome Institute (DOE-JGI), and specializes in high 
throughput genomic sequencing and genomic research in support 
of DOE’s missions in energy, environment and national security. 
While leading and managing the operation of the JGI-LANL, the 
Genome Center Director will participate in the management and 
leadership of the overall JGI partnership. The Center Director 
will also develop the scientific vision for JGI-LANL and how its 
roles and contributions in the JGI partnership will meet future 
needs of the Institute and user community in both genomic sci-
ence and production sequencing. A Ph.D. in Biology, Biochemistry, 
Microbiology, Computer Sciences, or the equivalent is required. 
Proven success in a leadership role, project management skills, 
and familiarity with technology development for high throughput 
research tools for biological research are desired. Job# 213622

ADDITIONAL OPENING

We anticipate an upcoming search for a Group Leader position 
for a newly-formed Bioenergy and Environmental Sciences Group 
in the Bioscience Division. The research conducted in this group 
will be focused primarily on environmental microbiology and bio-
energy production in support of DOE mission areas in bioenergy, 
carbon cycling, and bioremediation. As such, we will expect a 
successful Group Leader candidate to have research expertise in 
the same areas, and preference will be given to individuals with 
experience incorporating genomic and metagenomic approaches 
to their research. In this role, the Group Leader will be respon-
sible for leading and supporting scientific missions, managing 
resources and personnel, and serving as an interface between the 
group and upper management, sponsors and customers. For this 
position only, send a letter of interest and resume to resnick@
lanl.gov referencing “B&ES GL” in the subject line.

Applicants for the above positions must have the ability to obtain 
a DOE Q clearance, which normally requires U.S. citizenship. 
For full job descriptions and to apply, click on the following 
link: www.lanl.gov/jobs and search for applicable job number. 
AA/EOE

www.lanl.gov/jobs
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POSITIONS OPEN

SCIENCE DEPARTMENT CHAIR

Sidwell Friends School

Sidwell Friends, a coeducational Quaker day school
in Washington, D.C., seeks seasoned Educator to
serve as Chair of its Science Department (grades five
to 12). The Chair is responsible for maintaining and
enriching the School_s Science Program and, with
the Middle and Upper School Principals, evaluates
science faculty and curriculum. Master_s or Ph.D. in
an appropriate discipline, seven or more years of class-
room teaching, administrative experience in leading
a challenging and cutting-edge science program, and
the ability to communicate clearly and effectively with
diverse constituencies are required. This ten-month
position begins August 2007. Send cover letter, re-
sume, and names of three references to: Human Re-

sources, Sidwell Friends School, 3825 Wisconsin

Avenue N.W., Washington, DC 20016; fax: 202-

537-2418; website: http://www.sidwell.edu;

e-mail: hr@sidwell.edu. Equal Opportunity Employer.

THEORETICAL POPULATION GENETICS

University of California, Davis

The College of Biological Sciences, University of
California, Davis, invites applications and nomina-
tions for a position in the Section of Evolution and
Ecology at the tenure-track ASSISTANT, ASSO-

CIATE or FULL PROFESSOR level. Candidates
must have a Ph.D. (or equivalent) in the biological
sciences or related fields. Candidates should have a
strong record of research in theoretical population
genetics, focusing on questions related to evolution-
ary and population genomics. We stress that
applicants at all levels will be given serious consid-
eration. The successful candidate will be expected to
teach an undergraduate course in introductory bi-
ology or evolution and to participate in the core
course required of all first-year graduate students in
the population biology graduate group. Applicants
should submit application materials online at website:

http://www2.eve.ucdavis.edu/jobs/. These will
include: curriculum vitae, description of current and
projected research, summary of teaching interests and
experience, and up to five publications. Applicants
should also arrange to have three references refer-
ences submit supporting letters online at the above
website. Closing date: Open until filled, but all ap-
plication materials, including letters of recommenda-
tion, must be received by January 17, 2007, to assure
full consideration. Administrative contact, nomina-
tions: Barbara Shaneyfelt (e-mail: bashaneyfelt@

ucdavis.edu). The University of California is an Equal
Opportunity/Affirmative Action Employer with a strong insti-
tutional commitment to the development of a climate that sup-
ports equality of opportunity and respect for differences.

The University of Chicago is seeking qualified ap-
plicants for full-time RESEARCH ASSOCIATE

(ASSISTANT PROFESSOR) position. The pri-
mary activity of the Research Associate is academic
research in association with a faculty member or
team. Qualified applicants are required to possess a
doctorate degree in cancer biology, molecular genet-
ics, immunology or related fields, and at least five
years of postdoctoral experience. Applicants should
possess excellent knowledge of molecular biology
methods, including generation of transgenic con-
structs, viruses and TAT-fusion proteins. Compen-
sation is dependent on qualifications. The University
provides a generous package of fringe benefits.

Electronic applications must include as attach-
ments, current curriculum vitae and bibliography, a
statement of research interests and goals, and three
letters of reference.

E-mail requested information to e-mail: eboyd@

medicine.bsd.uchicago.edu.

The University of Chicago is an Affirmative Action/Equal
Opportunity Employer.

POSITIONS OPEN

FACULTY POSITION

QUANTITATIVE MARINE ECOLOGIST

The Hawaii Institute of Marine Biology (HIMB) is
inviting applications for a full-time, 11-month, tenure-
track research position in quantitative marine ecology,
at the rank of ASSISTANT RESEARCHER. HIMB
is part of the School of Ocean and Earth Science and
Technology (SOEST), at the University of Hawaii at
Manoa. Starting date for the position is expected to
be 1 September 2007, but is subject to negotiation.
The successful candidate will be expected to develop
extramurally funded research programs and to men-
tor graduate students. We seek an applicant whose
research is process-oriented and complements the
expertise of our existing faculty. Individual qualifi-
cations and academic excellence, rather than a spe-
cific research discipline, will be the most important
criteria in selecting the successful candidate. Areas of
interest include (but are not limited to) marine eco-
system function and modeling, community struc-
ture, trophic interactions and energy flux, early life
history biology and development of autonomous
techniques for observing organisms, communities,
and biological processes in the sea. It is essential
that applicants have a strong background in statisti-
cal methods and/or modeling techniques.

Minimum qualifications: A Ph.D. degree in ma-
rine biology, oceanography, zoology, or related dis-
cipline and a demonstrated capability for creative,
high-quality research. Apply in writing with sup-
porting materials including (i) curriculum vitae, (ii)
concise statement of research accomplishments and
future goals and their pertinence to HIMB, (iii)
three representative publications, and (iv) the names
and addresses of three references.

Send application to: Quantitative Marine Ecol-

ogist Search, The Hawaii Institute of Marine

Biology, P.O. Box 1346, Kaneohe, HI 96744.

Application deadline is 15 February 2007. Questions
may be addressed to the: Search Committee Chair,

Dr. Kim Holland, Hawaii Institute of Marine Bi-

ology, telephone: 808-236-7410, e-mail: kholland@

hawaii.edu.

The University of Hawaii is an Equal Opportunity/Affir-
mative Action Employer.

DEPARTMENT OF MEDICINE, Universi-

ty of California, San Francisco. The Department
of Medicine at the University of California, San
Francisco (UCSF), is recruiting for PHYSICIAN

SCIENTISTS engaged in molecular medicine re-
search. Candidates must have demonstrated poten-
tial to lead a first-rate independent research program
and must be certified by the American Board of
Internal Medicine. Appointment will be made at the
ASSISTANT/ASSOCIATE/PROFESSOR level
in the In-Residence series, depending upon qualifi-
cations. Send curriculum vitae via e-mail to: Joanne
Engel, M.D., Ph.D., Chair, Molecular Medicine

Search Committee, e-mail: joanne.engel@ucsf.edu.

UCSF seeks candidates whose experience, teaching, research, or
community service has prepared them to contribute to our com-
mitment to diversity and excellence. The University is an Equal
Opportunity/Affirmative Action Employer. All qualified appli-
cants are encouraged to apply, including minorities and women.

ASSISTANT PROFESSOR, the University of

Texas of the Permian Basin (UTPB). Biology,
tenure track, fall 2007. Ph.D. in a biological field
required. CELLULAR/MOLECULAR BIOLO-

GIST preferred. Teaching responsibilities include
general biology, undergraduate, and graduate courses
in specialty area. Must develop a research program
involving undergraduate and Master_s students and
seek external funding. Submit curriculum vitae, brief
statements of teaching philosophy and research inter-
ests, and the names and contact information for three
references to: Douglas Henderson, University of

Texas of the Permian Basin, 4901 East University,

Odessa, TX 79762. Telephone: 432-552-2270. Fax:

432-552-3230. E-mail: henderson_d@utpb.edu.

Screening of applicants begins February 1, 2007. UTPB
is an Affirmative Action, Equal Opportunity Employer.

POSITIONS OPEN

RESEARCH MICROBIOLOGIST

Assay Development and Cell Culture Team

Laboratory Branch, Division of Viral Hepatitis

Centers for Disease Control and Prevention

The Centers for Disease Control and Prevention
(CDC), Division of Viral Hepatitis (DVH), Atlanta,
Georgia, is seeking applications for a Senior Level
Laboratory Scientist or Medical Officer with hepati-
tis experience to serve as a Senior Scientist in the Assay
Development and Cell Culture Team. The DVH
serves as a World Health Organization Collaborating
Center for Reference and Research on Viral Hepa-
titis. The position provides leadership and direction
to a staff of seven including full-time equivalents, reg-
ular fellows, and guest researchers. Applicants must
be qualified to oversee a comprehensive investigative
agenda that includes the development of immuno-
assays and molecular assays for the detection of im-
portant markers of all viruses causing hepatitis, A-E,
as well as new and potentially pathogenic viruses. In
addition, candidates will be strongly considered if
they have existing skills in cell culture and antiviral
resistance studies, and/or interest in developing cell
culture-based assays to support a research effort on
antiviral resistance. The Team works closely with other
three teams in the Branch (Reference Diagnostics,
Developmental Diagnostics, and Experimental Pa-
thology) and also with the Epidemiology and Pre-
vention Branches to accomplish the overall mission
of the DVH. The candidate must possess a broad
range of scientific knowledge and laboratory skills
relating to the molecular biology, pathogenesis,
virology and immunology of hepatitis viruses, exper-
tise in the propagation of viruses in cell culture, and
a comprehensive knowledge of the extant literature
pertaining to hepatitis as well as scientific approaches
taken by professional peers in government, industry,
and academia. Candidates for the position must
meet qualifications for the GS-13 level for the fed-
eral civil service and/or have a doctoral degree in
medicine, microbiology, biology, or other appropri-
ate field. Salary is commensurate with experience.

For more information contact Howard Fields,

Ph.D. at e-mail: hfields@cdc.gov (telephone: 404-

639-3803), or Wendi Kuhnert, Ph.D., at e-mail:

wdk1@cdc.gov (telephone: 404-639-3103).

CDC is an Equal Opportunity Employer.

EXECUTIVE DIRECTOR

Ocean Biogeographic Information System

The web-based, international Ocean Biogeo-
graphic Information System (OBIS) Secretariat at
Rutgers University, seeks an Executive Director.
OBIS is the global portal for distributional data on
all marine species, with regional nodes in a dozen
countries. The applicant must be highly organized,
with excellent communication (verbal, written, and
editorial) and coordination skills. Demonstrated
successful management of software development
projects would be an important qualification. A de-
gree in ecology, oceanography, biogeography or
taxonomy would also be advantageous. Applicants
must apply online with cover letter, application, cur-
riculum vitae, and references at website: http://

uhr.rutgers.edu/jobpostings/APS/Detail.asp?

id006-001472. For further information, visit website:

http://iobis.org/news_items. Rutgers is an Affirmative
Action/Equal Opportunity Employer. Employment eligibility
verification required.

RESEARCH SCIENTIST.Will apply knowledge
of protein biochemistry, including protein purifica-
tion and characterization of plasma proteins, as well
as precipitation methods, chromatography, assay de-
velopment, particularly related to coagulation and
fibrinolysis system. Must have Ph.D. in biology or
related field, and three years of experience in the job
or related experience. Apply by resume to: Bobby
Russell, Biolex Incorporated, 158 Credle Street,

Pittsboro, NC 27312.
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D r e a m .  C h a l l e n g e .  S u c c e e d .

Vice President for Research

The University of Kentucky invites nomin-
ations and applications for the position of
Vice President for Research. The Vice
President is the senior administrator respon-
sible for the supervision and coordination 
of research at the University and reports
directly to the Provost.  The University seeks
candidates who have a record of outstand-
ing achievement in research, scholarship,
and education, a dynamic and active
approach to facilitate academic research
enterprises, an ability to deal innovatively
with government agencies, business, and
industry, and experience in obtaining funds
for research from private and government
sources.  

Further information can be found by visit-
ing our website at www.uky.edu/Provost.

Any candidate offered this position may be
required to undergo a pre-employment
national background check as mandated by
University of Kentucky Human Resources. 

The University of Kentucky is an equal opportunity employer
and encourages applications from minorities and women.

The Cardinal Bernardin Cancer Center of Loyola University Medical Center, is seeking outstanding
candidates to fill tenure track faculty positions at the Assistant or Associate Professor level to add increased
depth in two of our Oncology Institute’s basic science research programs.  

Our Cutaneous Oncology Program is seeking candidates to augment its investigation of melanoma,
squamous cell carcinoma, and graft versus host disease.  This mature laboratory based program, under the
direction of Dr. Brian Nickoloff, is complemented by an established clinical program in the area of Skin
Cancer. 

Our Hematologic Malignancy Program is seeking candidates to strengthen or complement the present
research interest in the areas of stem cell biology, hematopoietic cell commitment and lineage choice,
chromatin structure and gene regulation, and regulation of the cell cycle.   An established Hematology
clinical program works closely with this laboratory based program, directed by Dr. Manuel Diaz, to form a
truly translational research environment.  

Successful candidates must have developed an innovative research program and established an outstanding
publication track record.  They will be expected to develop and maintain independently NIH/NCI funded
laboratory research operations, as part of these programs.  In addition to a generous start up package and
laboratory space, the Cardinal Bernardin Cancer Center provides a collegial and highly interactive research
environment, with opportunities for translational research with a strong clinical enterprise.  

The Medical Center campus, located just west of Chicago, is comprised of Loyola University’s Stritch
School of Medicine, including seven graduate programs in biomedical sciences, and related inpatient and
outpatient facilities.  The 125,000 sq. ft. Cancer Center houses both research laboratories and outpatient
clinics.  Additional information about the Oncology Institute can be found online at
www.luhs.org/oncinstitute .

Interested applicants may send CV, publications list, funding history, statement of research interests, and
the names of three references to:

Brian J. Nickoloff, M.D., Ph.D.
Director, Oncology Institute
c/o Maggie Storti, Administrative Assistant
Cardinal Bernardin Cancer Center
Loyola University Medical Center
2160 S. First Avenue
Maywood, IL  60153

The Loyola University Health System is an affirmative action/equal opportunity educator and employer.  The University
undertakes affirmative action to assure equal employment opportunity for underrepresented minorities, women, and persons
with disabilities.

Research Faculty Positions
CUTANEOUS ONCOLOGY and

HEMATOLOGIC MALIGNANCIES
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Consortium for Inter-Disciplinary Environmental Research

Stony Brook University invites applicants for six new tenure-track positions associated with its new
Consortium for Inter-Disciplinary Environmental Research (CIDER), designed to bring together faculty
from the natural sciences, medical sciences, engineering, social sciences, and humanities. Individuals
with demonstrated expertise in any of the following areas are encouraged to apply: (a) environmental
health, including investigations of contaminants in air, food, and water, mechanistic studies of their
toxic effects on mammals and their societal impact on different subpopulations; (b) the causes and
influence of global climate change, including effects on biogeochemical cycles, pattern of disease
and human living conditions; and (c) environmental remediation, land use planning, and conservation. 

Applications from individuals or from teams that address any of these research areas are welcome.
A successful candidate will hold a tenure-track or tenured appointment in an academic department
that best suits his/her expertise; affiliation with nearby Brookhaven National Laboratory is also 
possible. Faculty will be expected to teach at the undergraduate and/or graduate level, generate
external funding to support their research, and participate in interdisciplinary activities to support
CIDER’s mission. Positions generally will be filled at the Assistant Professor level, however, applica-
tions from exceptional established individuals also will be considered. For more information, visit
Consortium for Inter-Disciplinary Environmental Research Web site at www.stonybrook.edu/CIDER.

Required: Ph.D. or M.D., outstanding research and teaching potential.

The review of applications will begin on February 1, 2007 and will continue until all six positions 
are filled. 

To apply, please send a résumé; a statement of research and career goals, the proposed
Stony Brook University departmental affiliations, and arrange to have three letters of 
reference sent to: CIDER Search Committee, Posting number F-3755-06-12
Stony Brook University, SUNY, Stony Brook, NY 11794-1401

For online applications visit: www.stonybrook.edu/cjo, posting number F-3755-06-12. Online
applicants should request reference letters be sent to the CIDER Search Committee address above.

Equal Opportunity/Affirmative Action Employer. Women, people of color,
individuals with disabilities, and veterans are encouraged to apply. 
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POSITIONS OPEN

The Department of Biological Sciences at
Marshall University seeks a qualified person to fill a
tenure-track position at the ASSISTANT PROFES-

SOR level beginning in the fall of 2007. Respon-
sibilities include teaching undergraduate biology
courses, establishing an extramurally funded research
program, and participating in departmental and
University service. The successful candidate will have
research interests that complement departmental
strengths. Research activities in invertebrate phys-
iology, entomology, and/or molecular systematics
are of particular interest, but not exclusive. Candi-
dates who are able and willing to teach introductory
human physiology will be given special consideration.
Qualified applicants must have earned a Ph.D. in
biology or a closely related discipline and have post-
doctoral research experience. Please send a cover
letter, current curriculum vitae, statement of teach-
ing goals, a statement of research interests and goals,
selected reprints, and three letters of reference (sent
directly to the address below). All application mate-
rials should be addressed to: Dr. David Mallory,

Chair, BSC Search Committee, Department of

Biological Sciences, Marshall University, One John

Marshall Drive, Huntington, WV 25755. Review
of completed applications begins on January 15, 2007,
and will continue until the position is filled. Marshall
University is an Affirmative Action/Equal Employment Op-
portunity Employer and values diversity. It is also an NSF
ADVANCE institutional transformation University, working
to advance the careers of women faculty, especially in the science
and engineering disciplines.

VISITING ASSISTANT PROFESSOR

OF BIOLOGY

The Biology Department at the University of the
South, also known as Sewanee, invites applications
for a Visiting Assistant Professor for the 2007-2008
academic year. The successful candidate will teach in
the Department_s introductory ecology/evolution/
biodiversity class, in biology classes for nonmajors,
and possibly in upper-division classes in their area of
specialty (nine contact hours per week teaching time).
Candidates should be enthusiastic about working in
the context of the liberal arts tradition in education.
The University, with an undergraduate enrollment
of about 1,400, has a highly selective program, and
is located on a biologically diverse 10,000-acre cam-
pus on Tennessee_s Cumberland Plateau. Review of
applicants will begin 19 January 2007, and applica-
tions will be accepted until a suitable replacement is
found. Send a letter of application, curriculum vitae,
statements of teaching and research interests, tran-
scripts, and three letters of reference to: Dr. David

Haskell, Chair, Biology Department, 735 Univer-

sity Avenue, The University of the South, Sewanee,

TN 37383. E-mailed applications are not accepted.
Website: http://www.sewanee.edu/biology/top.

html. The University of the South is an Equal Opportunity
Employer. Minorities and women are encouraged to apply.

CHAIR, DEPARTMENT OF INTEGRATED

NATURAL SCIENCES

Arizona State University

Arizona State University (ASU) seeks a Chair for
the Department of Integrated Natural Sciences. This
new Department of 15 faculty members is strongest
in biology, but also has faculty and undergraduate
teaching responsibilities in chemistry and physics.

We seek an academic leader to further develop
this diverse Department. The Chair will be ex-
pected to be effective in the professional develop-
ment of faculty, to garner external funds to support
research and education programs, to encourage re-
cruitment and retention of a diverse student popu-
lation, and to develop community-based partnerships
and internships.

The position is available beginning July 1, 2007.
Full applications/qualification information are avail-
able at website: http://www.west.asu.edu/dins/

chair. Consideration of complete applications will
begin on March 1, 2007; if position is not filled,
completed applications will be considered on the
first and fifteenth of each month thereafter until the
search is closed. ASU is an Equal Opportunity/Affirmative
Action Employer.

POSITIONS OPEN

The California NanoSystems Institute (CNSI) is a
research center at University of California, Los Angeles
(UCLA), whose mission is to encourage University
collaboration with industry and to enable the rapid
commercialization of discoveries in nanosystems.
CNSI members who are on the faculty at UCLA rep-
resent a multidisciplinary team of some of the world_s
preeminent scientists. The work conducted at the
CNSI represents world-class expertise in five targeted
areas of nanosystems-related research including energy,
environment and nanotoxicology, nanobiotechnol-
ogy and biomaterials, nanomechanical and nano-
fluidic systems and nanoelectronics, photonics and
architectonics.

UCLA_s California NanoSystems Institute (CNSI)
is pleased to announce the creation of two new fel-
lowship programs with a focus on nanoscience and
nanotechnology: the CNSI Graduate Student Pio-
neer Fellowship Program and the CNSI Postdoc-
toral Pioneer Fellowship Program.

Applications for the Pioneer Fellowships at UCLA
are being solicited from CNSI faculty members in
the Departments of Bioengineering, Chemistry and
Biochemistry, Civil and Environmental Engineering,
Microbiology, Immunology, and Molecular Genetics,
Molecular Cell and Developmental Biology, Physics
and Astronomy.

GRADUATE STUDENT FELLOWS: Receive
an additional $5,000 above the support they receive
from their home Departments per year for four years;
deadline for applications is January 15, 2007.

POSTDOCTORAL FELLOWS: Receive an addi-
tional $10,000 above their postdoctoral salary, per
year for up to two years; applicants will be con-
sidered during the following time periods: January
2007, April 2007, and September 2007; researchers
currently employed by UCLA, or with a Ph.D. awarded
by UCLA, are not eligible for this award

For specific details, guidelines, and online ap-
plication for either the graduate or postdoctoral-
level fellowship program please visit the CNSI Pioneer
Fellowship website: http://www.cnsi.ucla.edu/

fellowships/.

UCLA is an Equal Employment Opportunity/Affirmative
Action Employer

POSTDOCTORAL POSITIONS

Molecular Mycology and Pathogenesis

Postdoctoral research training positions are avail-
able in multiple areas of fungal research. These po-
sitions are supported by an NIH training grant that
includes 25 principal investigators at three neigh-
boring Institutions: Duke University, North Caroli-
na State University, and the University of North
Carolina at Chapel Hill. Collectively, these faculty
members offer the opportunity to acquire experience
in several areas of mycological research, including
molecular mechanisms of human or plant fungal
pathogenesis, fungi as model system organisms,
fungal genomics, molecular systematics, population
genetics, chemotherapy, and clinical mycology. Po-
tential applicants may review the participating faculty
and their research programs at website: http://

mgm.duke.edu/microbial/training/mmptp.htm.

Postdoctoral Fellows receive NIH-level stipends
commensurate with their years of postdoctoral expe-
rience, and travel funds to participate in scientific
meetings. Only U.S. citizens or permanent residents
are eligible. Prospective applicants should contact
one or more participating faculty to explore the
training options and develop a research plan. The
completed application should include a cover letter
and the applicant_s curriculum vitae, a letter from
the prospective mentor(s), two letters of recommen-
dation, and a one-page synopsis of the proposed
research project. Submit inquiries and applications
to: T.G. Mitchell, P.O. Box 3803, Duke Uni-

versity Medical Center, Durham, NC 27710, or
e-mail: tom.mitchell@duke.edu.

POSITIONS OPEN

DEPARTMENT OF PSYCHIATRY, Mas-

sachusetts General Hospital (MGH), Harvard

Medical School (HMS). The Massachusetts Gen-
eral Hospital Department of Psychiatry, rated the
number one Psychiatry Department by U.S. News
and World Report for the past 11 years, is seeking a
senior, well-established investigator in neuroimag-
ing, with a successful track record of mentorship of
fellows, junior, and mid-level faculty, along with
demonstrated leadership skills and the ability to
direct multidisciplinary teams. The candidate must
have an excellent record of peer-reviewed federal
funding and high-impact publications. Brain imaging
research expertise must be broad in scope, covering
an array of contemporary neuroimaging techniques
(e.g. functional MRI, MR spectroscopy, and/or
PET). Extensive experience collaborating with clin-
ical investigators is required.

The candidate is sought for the position of
DIRECTOR of Neuroimaging Research in the
Department of Psychiatry at MGH, and may include
a joint appointment in the Department of Radiology
if appropriate. The successful candidate would serve
at the HMS professorial level or at the ASSOCI-

ATE PROFESSOR level with a trajectory toward
promotion to Professor. The position will involve
oversight of over a dozen extramurally funded fac-
ulty members along with numerous trainees who are
currently conducting brain imaging research within
the Division. In addition to commensurate space at
the Charlestown Navy Yard campus of MGH, the
Psychiatric Neuroimaging Research Program has
access to dedicated scanning time on state-of-the
art 3T MRI devices, as well as access to higher field
strength magnets, magneto-encephalography, and
PET, in conjunction with the Martinos Center for
Biomedical Imaging.

Interested individuals should apply directly to:
Jerrold F. Rosenbaum, M.D., Psychiatrist-in-

Chief, Massachusetts General Hospital, 55 Fruit

Street, Boston, MA 02114. The Massachusetts General
Hospital is an Affirmative Action/Equal Opportunity Em-
ployer. Minorities and women are strongly urged to apply.

POSTDOCTORAL RESEARCH FELLOW

POSITIONS in tissue engineering and regenerative
medicine, two to three immediate openings at the
University of Michigan in the areas of (1) bone and
cartilage regeneration and (2) hepatocyte culture,
liver regeneration, and metabolisms. Candidates must
have Ph.D. or M.D. in related field of biological sci-
ences or biomedical engineering. Research projects
will focus on biological aspects of regeneration, col-
laborating with biomedical engineers, and biomaterials
scientists in the laboratory. Experience and publi-
cations in tissue culture, histology, biochemistry, and
molecular biology required. Experience in stem cells
and animal implantation are pluses. Interested candi-
dates should provide curriculum vitae with publication
list and three to five reference names and contact
information to: Ms. Elizabeth Rodriguiz, Depart-

ment of Biologic and Materials Sciences, Uni-

versity of Michigan, 1011 N. University Avenue,

Ann Arbor, MI 48109-1078. E-mail: earodrig@

umich.edu.

ENVIRONMENTAL FELLOWS AT

HARVARD UNIVERSITY

The Harvard University Center for the Environ-
ment will award six two-year postdoctoral research
fellowships to start September 2007 to outstanding
scholars in any field related to the environment.
Each Environmental Fellow will work with a host
faculty member in his or her Department and par-
ticipate in an interdisciplinary program at the Cen-
ter. The fellowship will provide a generous salary and
benefits. Applications are due January 15, 2007. De-
tails, including information about the 2006 Fellows,
are posted at website: http://environment.harvard.

edu.

Harvard University Center for the Environment

24 Oxford Street, 3rd Floor

Cambridge, MA 02138

Harvard is an Equal Opportunity/Affirmative Action Employer.
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Bring your career
concerns to the table. Dialogue
online with professional career
counselors and your peers.

Visit ScienceCareers.org and start an online dialogue.

• How can you write a resume that stands out in a crowd?

• What do you need to transition from academia to industry?

• Should you do a postdoc in academia or in industry?

Science
Careers Forum

Let a trusted resource like ScienceCareers.org help you
answer these questions. ScienceCareers.org has partnered
withmoderatorDave Jensen and four well-respected advisers
who, along with your peers, will field career related questions.

Dave Jensen
Indusry
Recruiter

Assistant/Associate Professor in
Systems Biology

The Department of Pharmacology
and Biological Chemistry 

Mount Sinai School of Medicine

We invite applications for tenure-track
faculty positions from individuals interested
in developing research programs focused on

drug action on cellular regulatory networks, drug discovery for
complex diseases of immune or neural systems and the systems
biology of bacteria-human interactions. We welcome
applications from individuals trained in physical and
engineering sciences, as well as biomedical sciences, with
interests in quantitative approaches and multivariable
experiments. Women and underrepresented minorities in
sciences are especially encouraged to apply.

Applicants must have an advanced degree such as MD or
Ph.D, relevant post-doctoral training, and demonstrated
potential for excellence in research. Competitive start-up
packages will be provided. Excellent core facilities, and a
supportive mentoring environment are characteristics of our
school and department. Please send CV, a three page research
proposal and names of three referees to the Systems 
Biology Search Committee, as PDF documents, to 
Renny.Satz-Grecco@mssm.edu.

Mount Sinai is an equal opportunity employer.

FACULTY POSITIONS

DEPARTMENT OF MICROBIOLOGY

AND IMMUNOLOGY

The Department of Microbiology and Immunology in the College of Medicine
at the University of Illinois at Chicago (UIC) is seeking to fi ll several tenured/
tenure track faculty positions at the level of Assistant, Associate, or Full Pro-
fessor. UIC is the largest institution of higher learning in the Chicago area and
is a major center for research and education. UIC’s College of Medicine is part
of the Illinois Medical District, the largest complex of medical centers in the 
United States. The Department of Microbiology and Immunology occupies 
over 30,000 sq ft of renovated or new space in the recently completed col-
lege of medicine research building. The faculty members in the department 
have active and interdisciplinary research programs in cellular and molecular
immunology, microbial pathogenesis, host-pathogen interactions, virology, 
and structural biology. UIC is a member of the Great Lakes Regional Center 
of Excellence in Biodefense and Emerging Infectious Diseases Research, and
has a number of very active research programs in this area. 

Each successful faculty candidate is expected to maintain a vigorous inde-
pendent research program in one of the above mentioned disciplines and 
participate actively in the teaching, research, and graduate training programs
in the department. Generous laboratory space and start-up funds are available.
Applicants are required to have a Ph.D., M.D. or equivalent doctorate level 
degree, and a proven track record in research, as evidenced by consistent 
scholarly publications and grant funding. 

For fullest consideration, please send an application, including curriculum 
vitae, a brief statement of future research plans, teaching philosophy, and 
a list of references, by January 30, 2007 to: Faculty Search Committee,

Department of Microbiology and Immunology, University of Illinois at

Chicago, College of Medicine, 835 S. Wolcott (M/C 790), Chicago, IL.

60612-7344. For more information about the Department of Microbiology and 
Immunology, please visit our Web Site: http://www.uic.edu/depts/mcmi/.

The University of Illinois at Chicago is an Affi rmative Action/
Equal Opportunity Employer. Women and minorities are strongly 

encouraged to apply.

UIC
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POSITIONS OPEN

ASSISTANT/ASSOCIATE PROFESSOR

OF BIOLOGY

The College of Sciences at the University of
Findlay is seeking candidates for a tenure-track ap-
pointment in biology at an Assistant or Associate
Professor level. Applicant review will begin immedi-
ately and the position will start in August of 2007.
The candidate must have a Ph.D. in biology or a
specialization in molecular physiology. A strong
focus in molecular and/or genetic techniques is
preferred. College teaching experience is desirable,
and a commitment to excellence in teaching and
scholarly activity is expected. Rank and salary will be
commensurate with qualifications. Teaching respon-
sibilities will include zoology and anatomy and phys-
iology. The ability to teach a range of upper-level
courses in microbiology, genetics, cell biology, or
immunology is highly desirable. The biology area
provides instruction to over 1,600 students per year
to students majoring in biology, pre-veterinary studies,
pharmacy, forensics, environmental science, and other
health science areas. Facilities include a newly created
life science laboratory for teaching and research. The
University of Findlay is a comprehensive Master_s
degree Institution which has grown from 1,500 to
more than 4,500 students in the last twenty years,
and is now the largest private University in north-
west Ohio. Applicants should submit a letter of
application, curriculum vitae, statement of teaching
philosophy and the names of three references to:
Mary Jo Geise, Dean of the College of Sciences, The

University of Findlay, 1000 North Main Street,

Findlay, OH 45840, or via e-mail: geise@findlay.

edu on or before February 28, 2007. The University of
Findlay is an Equal Opportunity Employer and Educator.

BIOLOGICAL AND ENVIRONMENTAL

SCIENCES. ASSISTANT PROFESSOR (two
positions, full-time, tenure track) beginning August 1,
2007.

CELL BIOLOGIST/ PLANT PHYSIOLO-

GIST. Teaching responsibilities include cell biology,
plant physiology, introductory genetics, introductory
biology lecture and laboratory, and possible develop-
ment of advanced courses in field of expertise.

ENTOMOLOGIST/ INVERTEBRATE ZO-

OLOGIST. Teaching responsibilities include ento-
mology, invertebrate zoology, introductory biology
lecture and laboratory, and possible development of
advanced courses in field of expertise. Experience or
interest in teaching parasitology is a plus. Ph.D. re-
quired and postdoctoral research experience desired.
Commitment to teaching excellence, responsiveness
to student needs, and effective communication skills
essential. Scholarly activities, and a research program
that involves undergraduate and graduate students
expected. Preference given to candidates with dem-
onstrated excellence in College or University teach-
ing. Screening will begin on January 3, 2007, and will
continue until the position is filled. Submit curricu-
lum vitae, transcripts, and three current reference
letters to: Dr. Timothy J. Gaudin, Acting Head,

Department of Biological and Environmental

Sciences, 615 McCallie Avenue, 2653, The Univer-

sity of Tennessee at Chattanooga, Chattanooga,

TN 37403, telephone: 425-423-4341.

The University of Tennessee at Chattanooga is an Affir-
mative Action/Equal Opportunity Employer/Title VIþIX/
Section 504/ADA/ADEA Institution.

The Office of Science, Department of Energy is
seeking a motivated and highly qualified individual
to serve as the ASSOCIATE DIRECTOR, Office
of Biological and Environmental Research. As such,
you will provide leadership and direction in estab-
lishing vision, strategic plans, goals, and objectives
for the research activities supported. You may apply
through two different methods, one is for a SENIOR

EXECUTIVE SERVICE appointment and the sec-
ond is for an INTERGOVERNMENTAL PER-

SONNEL ACT appointment. The announcement
number is SES-SC-HQ-005. The announcement opens
on November 6, 2006, and closes on December 21,
2006. Visit website: http://www.usajobs.opm.gov/

for more information and for instructions concerning
application procedures.

POSITIONS OPEN

UNIVERSITY OF PENNSYLVANIA

NIH-sponsored Postdoctoral training in cell/mo-
lecular basis of urological diseases: Division of Urology
invites applications from prospective POSTDOC-

TORAL FELLOWS (Ph.D., D.V.M.-Ph.D., M.D.-
Ph.D., or D.V.M. with residency training in pathology)
with background in physiology, cell/molecular biol-
ogy, or biochemistry. This training program differs
from the conventional postdoctoral training in ex-
posing the Postdoctoral Fellows to clinical problems,
while carrying out cell/molecular biology research.
The Fellows will have exposure and opportunities to
translate basic science information into new diagnostic,
preventive, and therapeutic strategies. The rapid and
effective translation of basic scientific discoveries is
greatly facilitated by mentoring from basic and clin-
ical scientists.

The current research interests in the Division of
Urology at the University of Pennsylvania Medical
Center include (1) alterations of intracellular kinases,
phosphatases, and anchoring proteins in smooth mus-
cle urological diseases, (2) smooth muscle signaling
mechanisms and regulation in diabetes and smooth
muscle remodeling, (3) study of the cell/molecular
basis of urinary incontinence, and voiding dysfunc-
tion, (4) connective tissue matrix remodeling, and (5)
prostate and bladder cancer. However, the program
is flexible and any other topics related to urogenital
system may be accommodated by recruiting mentors
with appropriate expertise from Penn_s biomedical
science community. Trainees will receive stipend at
NIH level, health insurance, and tuition for courses
in molecular biology, gene therapy, and urology.
Successful applicants should be highly motivated and
have a (1) recent doctoral degree (obtained within
last three years) in biomedical sciences from a U.S.
or foreign University and (2) U.S. citizenship or im-
migrant status. Interested candidates should forward
their curriculum vitae and the names of two refer-
ences to: Dr. Samuel K. Chacko, Director of Basic

Urological Research, 3010 Ravdin-Courtyard,

HUP, University of Pennsylvania, 3400 Spruce

Street, Philadelphia, PA 19104. Fax: 215-349-

5026; e-mail: chackosk@mail.med.upenn.edu.

Start date January 1, 2007. An Affirmative Action/Equal
Opportunity Employer.

The Division of Social Medicine and Health In-
equalities is seeking a full-time junior faculty mem-
ber at the ASSISTANT PROFESSOR level in the
area of infectious disease epidemiology, transmission
dynamics, and the impact of control interventions.
An M.D. or Ph.D./Sc.D. in a related field is re-
quired. Qualified candidates should demonstrate an
interest in infectious diseases of global health im-
portance and in bio-social approaches to infectious
disease research. Applicants should have a record of
publication in peer-reviewed journals and have dem-
onstrated an ability to obtain extramural funding.
Preference will be given to candidates who have teach-
ing experience. Send statement of interest, curricu-
lum vitae, a brief description of research goals and
accomplishments, a summary of current and past
grant support, names of three references, and repre-
sentative reprints of two to five articles/reports to:

Martin S. Hirsch, M.D.

Chair, DSMHI Search Committee

Attn: Jennifer Moltoni

Harvard Medical School

Department of Social Medicine

641 Huntington Avenue, 2nd Floor

Boston, MA 02115

Deadline: January 15, 2007
Brigham and Women_s Hospital/Harvard Medical School are

Equal Opportunity/Affirmative Action Employers actively com-
mitted to increasing the diversity of our faculty: women and mem-
bers of underrepresented minority groups are therefore strongly
encouraged to apply.

POSITIONS OPEN

TWO POSITIONS, MOLECULAR

GENETICIST AND BIOCHEMIST

The Biology Department of Franklin and Marshall
College invites applications for TWO VISITING

ASSISTANT PROFESSOR positions, starting July
2007. Candidates should have a Ph.D., demonstrated
strength in teaching and research, and ability to en-
gage undergraduates in research.

(1) Molecular Geneticist, three year position:
Teaching responsibilities include lecture and labora-
tory sections of a junior-level core course in molec-
ular genetics and an upper-level elective in molecular
biology. The successful candidate may occasionally
contribute to the general education curriculum.

(2) Biochemist, one-year position (pending ad-
ministrative approval): Teaching responsibilities in-
clude lecture and laboratory sections of a junior-level
biochemistry course emphasizing metabolism and ei-
ther a sophomore-level core course in physiology
and development of plants and animals or an elective
in the area of specialization.

Franklin and Marshall College has a tradition of
excellence in science and student research; a new life
sciences building will open in summer 2007. In ad-
dition to the biology major, we offer interdisciplinary
majors in biochemistry and molecular biology and in
biological foundations of behavior. Applicants should
arrange to have letters sent from three references and
should submit curriculum vitae, plans for actively en-
gaging undergraduates through teaching and re-
search, and undergraduate and graduate transcripts.
Priority will be given to completed applications
received by January 15, 2007 (Geneticist), and Feb-
ruary 16, 2007 (Biochemist). Electronic submissions
will not be accepted. Send applications to: Professor
Ira Feit (Geneticist) or Professor Peter Fields (Bio-
chemist), Department of Biology, Franklin and

Marshall College, Lancaster, PA 17604-3003.

Telephone: 717-291-4118; fax: 717-358-4548;

e-mail: cindy.mcintyre@fandm.edu; website:

http://www.fandm.edu/biology.xml.

Franklin and Marshall College is a highly selective liberal
arts College with a demonstrated commitment to cultural plu-
ralism. Equal Opportunity Employer.

ASSISTANT PROFESSOR, INVERTEBRATE

BIOLOGY, University of Wisconsin, River Falls

(UWRF). The Department of Biology seeks a Ph.D.
FIELD BIOLOGIST with specialization in fresh-
water or terrestrial invertebrate biology. This is a
full-time, nine-month, tenure-track faculty position
available August 2007. We are looking for someone
who is knowledgeable about multispecies assem-
blages in nature, and who is willing to learn our local
invertebrate species. The successful candidate will
teach undergraduate lecture and laboratory courses;
these may include general biology, zoology, ento-
mology, ecology, and/or others. Other expectations
include advising, research, and service. Evidence of
successful teaching and ongoing research is desirable.
Review of applications will begin on January 15, 2007,
and continue until the position is filled. Application
procedures and complete information are available at
website: http://www.uwrf.edu/ (link to employ-
ment, faculty/staff opportunities). UWRF is an Equal
Employment Opportunity/Affirmative Action Employer.

The Biology Department of Rutgers University in
Camden, New Jersey, seeks a broadly trained EX-

PERIMENTAL GENETICIST for a tenure-track
ASSISTANT PROFESSOR position beginning fall
2007. Research interests in systems or computation-
al/integrative biology are desirable. Ph.D. required
and postdoctoral experience preferred. This position
entails teaching undergraduate and graduate courses
in the area of the applicant_s expertise and participa-
tion in introductory biology courses. Please send
curriculum vitae, statement of research interests, and
three letters of recommendation to: Dr. J.V. Martin,

Biology Department, Rutgers University, Camden,

NJ 08102. Review of applications will begin Jan-
uary 17, 2007, and continue until the position is filled.
Rutgers is an Equal Opportunity/Affirmative Action Employer.
Women and minorities are encouraged to apply.
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POSITIONS OPEN

ASSOCIATE RESEARCH SCIENTIST

(Requisition Number 53395)

The Department of Emergency Medicine at the
University of Iowa Hospitals and Clinics is recruit-
ing for a full-time Associate Research Scientist to
conduct laboratory research in the fields of cardio-
vascular disease, diabetes, lipid biochemistry, inflam-
mation and/or opioids. Position requires a Ph.D.
degree in the biological or biomedical sciences or
professional equivalent (M.D., D.D.S., or D.V.M.),
three years of prior postdoctoral research experience
or equivalent, and excellent oral and written com-
munication skills. Desirable: One or more years of
progressive experience and evidence of developing a
reputation as a leader in the fields of cardiovascular
disease, diabetes, lipid biochemistry, inflammation
and/or opioids; previous track record of independent
research work in the form of first author publications
in peer-reviewed journals as part of an overall pub-
lication record that is current and increasing; and
demonstrated success in obtaining grant funding.
Highly desirable: two to three years of prior expe-
rience with isolation and characterization of primary
cardiovascular cells and five years of prior postdoc-
toral research experience or equivalent. To see a
complete position description and/or apply for this
position visit our website: http://jobs.uiowa.edu,

requisition number 53395. The University of Iowa
offers a comprehensive salary and benefits package.
Initial screening of applicants will begin immediate-
ly. Applicable background and credential checks will
be conducted. The University of Iowa is an Equal
Opportunity/Affirmative Action Employer. Women and
minority candidates are encouraged to apply.

The Waksman Institute at Rutgers, the State Uni-
versity of New Jersey invites applications for multiple
tenure-track faculty positions at the ASSISTANT,

ASSOCIATE, and FULL PROFESSOR levels.
The Waksman Institute maintains diverse areas of

research, with strengths in developmental biology,
cell biology, neurobiology, microbiology, protein bio-
chemistry, structural biology, molecular machines, sig-
nal transduction, and plant genomics/bioinformatics.
The faculty at the Institute use a range of different
animal, plant, and microbial model organisms in their
genetic research and would welcome a variety of ex-
perimental approaches. Demonstrated excellence in
research is more important than the area of research.
The successful applicant will be expected to develop
and maintain an externally funded research program
and to teach at the undergraduate and graduate lev-
el. Preference will be given to individuals whose
interests are synergistic with ongoing research pro-
grams at the Institute. Applicants should submit their
credentials through our secure web-based application
form at website: http://waksmansearch.rutgers.

edu/apply/.

Applicants should have a Ph.D., Pharm.D., M.D.,
or equivalent degree and relevant postdoctoral ex-
perience. Consideration of applications will begin on
January 15, 2007, but these positions will remain
open until filled.

STREAM ECOLOGIST

Illinois Natural History Survey

The Illinois Natural History Survey (INHS) seeks
a Stream Ecologist at the ASSISTANT PROFES-

SIONAL SCIENTIST level who can develop a
strong, externally funded research program emphasizing
benthic macroinvertebrates, community or ecosystem-
scale ecology, conservation biology, riparian-stream
interactions, or watershed-scale issues. Candidates
must possess a Doctorate in aquatic ecology or a re-
lated discipline. Postdoctoral research experience is
preferred. INHS is part of the Illinois Department of
Natural Resources and is an affiliated agency of the
University of Illinois at Urbana-Champaign. For com-
plete position description and application require-
ments, visit our website: http://www.inhs.uiuc.

edu/opportunities. Direct technical questions to
Dr. Walter Hill, e-mail: wrhill@uiuc.edu, telephone:

217-244-2103. Application deadline: February 1,
2007.

POSITIONS OPEN

POSTDOCTORAL POSITIONS

Biomarker Development

University of Massachusetts Medical School

The Biomarker Development Laboratory, Uni-
versity of Massachusetts Medical School, has sever-
al immediate openings for Postdoctoral scientists
with experiences of value in the development of
biomarker, including synthetic organic and radio-
pharmaceutical chemistry, molecular biology, op-
tical in vivo imaging, early clinical trials, et cetera.
These individuals will join a growing multidis-
ciplinary team emphasizing bench and bedside
research primarily in novel applications of DNA
and other oligomers as nuclear and optical bio-
markers for antisense, pretargeting, and other ap-
plications related to the molecular imaging of
cancers, infections, and other disease states. A track
record in biomarker development would be highly
advantageous. The Laboratory is well funded
through multiple NIH/Department of Defense
two to five-year grants and several grants from in-
dustry. Salaries are commensurate with experience
and are consistent with NIH guidelines. Applica-
tions will be accepted until the positions are filled.
Please respond with resume, names and addresses
of three references, and a short statement of re-
search interests to: Dr. D. J. Hnatowich, Depart-

ment of Radiology, University of Massachusetts

Medical School, Worcester, MA 01655 (e-mail:

donald.hnatowich@umassmed.edu, telephone:

508-856-4256, fax: 508-856-4572).

YALE UNIVERSITY

SCHOOL OF MEDICINE

Department of Genetics

The Department of Genetics at the Yale Univer-
sity School of Medicine is seeking to recruit one or
more outstanding candidates to become ASSISTANT

PROFESSOROFGENETICS. Successful applicants
will be provided generous startup funds and space,
and will establish strong independent research pro-
grams; areas of particular interest include genetics
and genomics of vertebrate model organisms, cancer
and other human diseases, and computational ge-
nomics. We strongly encourage applications from
women and minority candidates. Curriculum vitae, a
concise statement of research plans, and three letters
of recommendation should be sent electronically and
with hard copy to:

Richard P. Lifton, M.D., Ph.D.

Chairman

Department of Genetics

Yale University School of Medicine

P.O. Box 208005

New Haven, CT 06520-8005

E-mail: genadm@email.med.yale.edu

An Equal Opportunity/Affirmative Action Employer.

Two POSTDOCTORAL POSITIONS in mTOR
signaling are available immediately for highly moti-
vated scientists to explore a role of the mTOR pathway
in cancer development (see Science 307:1098, 2005).
Please send resume and names of three references to:
Dos D. Sarbassov, Ph.D., Department of Molecular

and Cellular Oncology, The University of Texas

M. D. Anderson Cancer Center, 1515 Holcombe

Boulevard, Houston, TX 77030, or by e-mail:

dsarbass@mdanderson.org.

The M. D. Anderson Cancer Center is an Equal Oppor-
tunity Employer and does not discriminate on the basis of race,
color, national origin, gender, sexual orientation, age, religion,
disability, veteran status, except, where such distinction is required
by law. All positions at the University of Texas M. D. Anderson
Cancer Center are security-sensitive and subject to Texas Edu-
cation Code 51-215, which authorizes the employer to obtain
criminal history record information. Smokefree environment.

POSITIONS OPEN

HEALTH SCIENTIST ADMINISTRATOR

POSITIONS (TWO)

Health and Science

Office of Research Integrity

The Division of Investigative Oversight (DIO)
within the Office of Research Integrity (ORI) is seek-
ing two experienced scientists or physicians with
research/clinical experience to serve under the Direc-
tor, DIO, as INVESTIGATOR/SCIENTISTS.

DIO_s primary task is to conduct oversight reviews
of institutional investigations of research miscon-
duct. Applicants should be experienced in running a
research program, supervising students and post-
doctoral fellows, successfully competing for federal
extramural or intramural funds, and peer-reviewing
manuscripts and grant applications. Applications
with a broad range of experience and scientific in-
terests are preferable because of the wide range of
topics that ORI deals with. Good oral and written
communication skills are essential.

Please apply online at website: http://usajobs.

opm.gov/ and go to job announcement HHS-OS-
2007-0096. Applications must be received by Jan-
uary 2, 2007. If you need assistance, contact Human

Resources Specialists Ms. Anita Ford, telephone:

301-443-1455, e-mail: anita.ford@psc.gov or Ms.

Beverly White, telephone: 301-443-0803, e-mail:

beverly.white@psc.hhslgov. For additional informa-
tion about the position, contact John Dahlberg at
telephone: 240-453-8800 (e-mail: jdahlberg@osophs.

dhhs.gov). Both positions are at the GS-14 level
($91,407 to $118,828), with the actual salary com-
mensurate with experience. These positions offer full
benefits including retirement, health insurance, life
and long-term health care insurance, thrift-saving
plan participation (matched up to five percent of
your salary), et cetera.

Selection will be based on merit and without consideration for
race, color, religion, sex, national origin, politics, marital status,
sexual orientation, physical handicap, or membership or non-
membership in an employee organization.

TWO TENURE-TRACK

FACULTY POSITIONS

One Each in Ichthyology and Fish Ecology

The College of William and Mary

Virginia Institute of Marine Science

School of Marine Science

TheDepartment of Fisheries Science is seeking can-
didates for two tenure-track positions, one each in
ichthyology and fish ecology. A Ph.D. in ichthyology,
vertebrate systematics and evolution, fish ecology,
vertebrate ecology, or a related field is required. Post-
doctoral research experience is preferred. For the ich-
thyology position, we seek candidates with expertise in
taxonomy/systematics of teleosts and collection-based
research that combines morphological and molecular
approaches. For the fish ecology position, we seek
individuals with expertise in one or more of the fol-
lowing areas: life history and ecology of fishes; quan-
titative fisheries ecology; survey-based assessment of
elasmobranch abundance and diversity. The success-
ful candidates will be expected to develop rigorous
externally funded research programs, teach graduate-
level courses in ichthyology and fish ecology, mentor
M.S. and Ph.D. graduate students, and provide ad-
vice to state and federal management agencies. We are
seeking relatively recent graduates and will make ap-
pointments at the level of ASSISTANT PROFES-

SOR. Only electronic applications will be accepted.
Apply at website: http://www.fisheries.vims.

edu/. Review will begin on February 1, 2007, and
continue until the positions are filled. For additional
information, contact: Dr. John E. Olney, Chair,

Department of Fisheries Science, Virginia Insti-

tute of Marine Science, The College of William

and Mary, Gloucester Point, VA 23062. (E-mail:

olney@vims.edu, telephone: 804-684-7334.)

The College of William and Mary is an Equal Opportunity/
Affirmative Action Employer. Members of underrepresented
groups (including people of color, persons with disabilities,
Vietnam veterans, and women) are encouraged to apply.
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Director, ACS Green Chemistry Institute
AMERICAN CHEMICAL SOCIETY

Improving people’s lives through the transforming power of chemistry

The American Chemical Society, a federally chartered, non-profi t organization, with a multidisciplinary
membership of more than 158,000 chemists and chemical engineers, seeks a Director for the ACS Green
Chemistry Institute to establish and lead the strategic direction for the Institute, as well as the daily 
operations of the organization; build its brand and reputation; expand its sources of funding; and lead 
the development of short- and long-term strategies for the success of the ACS GCI. For more details 
about GCI, visit its home page at www.greenchemistryinstitute.org.

The Director provides the vision necessary to ensure a forward looking approach to challenges and 
stimulates new initiatives that will effectively advance Green Chemistry and fulfi ll the Institute’s mis-
sion. To enhance the image and implementation of Green Chemistry and Engineering, the incumbent 
will represent ACS GCI in its relationships with major constituencies and stakeholders, the global 
scientifi c and engineering communities, and the public. The Director will coordinate efforts throughout
the Society on issues related to Green Chemistry and Green Engineering. The Director will develop 
funding partnerships that will enable the Institute to leverage the Society’s investments. The Director 
will manage ACS GCI operations and staff, assuring that goals are met in a timely and cost-effective 
manner, and that the Institute serves the stakeholders in an appropriate umbrella role that complements 
their activities. 

Qualifications: In light of these responsibilities, the successful candidate will be a recognized leader 
in the Green Chemistry and Green Engineering fi eld who is involved in outreach; a creative thinker; 
a passionate and effective communicator; an enthusiastic articulator; a strategic leader; comfortable 
with creating and implementing the big-picture; forward-looking, bold, and capable of developing and 
pursuing an innovative vision to inspire changes in how chemistry is taught; experienced and comfort-
able working in a visible, high-energy position; and capable of understanding, working with, listening 
to, and building consensus and collaborating across diverse constituencies. S/he will have an advanced 
degree or other advanced leadership experience in the area of green chemistry and/or engineering as 
evidenced by the development of programs, teaching materials, publications, presentations, and/or 
grant materials in green chemistry. The Director will have successful program development skills, as 
demonstrated by the inception and creation of new governmental, academic, or private sector programs
related to Green Chemistry or similar environmental programs. An excellent track record of development
and fund raising is important. Salary is commensurate with experience. Applicants may submit their 
résumé by either email, (employment@acs.org); fax: (202-872-4077); or U.S. mail (1155 16th Street,
NWWashington, DC 20036 Attn: Human Resources) no later than January 31, 2007.

ACS is a drug-free, smoke-free, Equal Opportunity Employer.

Bridge the Gap Between
Discovery and Clinical Testing

Access the National Cancer Institute’s (NCI) vast resources free of
charge to help move therapeutic agents for cancer to the clinic. The
National Cancer Institute invites the submission of proposals to:

Rapid Access to Intervention Development

RAID
RAID is not a grant program. Successful applicants instead will
receive products or information generated by NCI contractors to aid
the applicant’s development of novel therapeutics towards clinical
trial. The goal of RAID is the rapid movement of novel molecules
and concepts from the laboratory to the clinic for proof-of-principle
clinical trials. RAID will assist investigators by providing any (or all)
of the preclinical development steps that may be obstacles to clini-
cal translation. These may include, for example, production, bulk
supply, GMP manufacturing, formulation and toxicology.

• The next deadline for receipt of applications is February 1,
2007. Full applications should be submitted electronically

• Investigators must register for a certificate for electronic filing

• Further information about RAID and electronic filing of applica-
tions can be found at: http://dtp.nci.nih.gov

• Inquiries can be made to the RAID Program Coordinator by tele-
phone at 301-496-8720 or by e-mail at RAID@dtpax2.ncifcrf.gov

RAID
Developmental Therapeutics Program

National Cancer Institute
6130 Executive Blvd., RM 8022

Rockville, MD 20852
Tel: 301-496-8720; Fax: 301-402-0831

raid@dtpax2.ncifcrf.gov

ANNOUNCEMENTS 

COURSES & TRAINING
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POSITIONS OPEN

DIRECTOR

(Microscopy Center)

Comparative Biomedical Sciences

A Director is needed for state-of-the-art micros-
copy center (fee for service) that houses transmission
and scanning electron microscopes, confocal micro-
scope, laser-capture microdissection, fluorescence mi-
croscopes, freeze fracture device, and numerous other
imaging microscopes such as phase contrast, differen-
tial interference contrast, and bright field microscopes.
Requirements: Master of Science degree (Ph.D. pre-
ferred) in biomedical/biological sciences or related
field; ability to operate various light and electron
microscopes; knowledge of optical physics. Respon-
sibilities: manages the daily affairs of the microscopy
center including operation of instruments; supervises
the microscopy staff; assists faculty and staff with
imaging needed for research projects; trains individ-
uals to use imaging equipment; performs routine
maintenance of imaging instruments. Salary and fac-
ulty rank (nontenure track) will be commensurate with
qualifications. Application deadline is January 12,
2007, or until candidate is selected. Submit letter of
application and resume (including e-mail address) to:
Dr. Steven A. Barker, Professor, Department of

Comparative Biomedical Sciences, School of Vet-

erinary Medicine, Louisiana State University, Ref-

erence Log #0822, Baton Rouge, LA 70803,

telephone: 225-578-3602, e-mail: sbarker@vetmed.

lsu.edu.

Louisiana State University is an Equal Opportunity/Equal
Access Employer.

ECOLOGIST

The Department of Biological Sciences, Universi-
ty of New Orleans (UNO), invites applications for a
tenure-track position at the rank of ASSISTANT
PROFESSOR.We seek an Ecologist who uses mod-
eling and/or experimental approaches to understand
ecological processes and patterns in wetland plant
communities/ecosystems. Applicants must have a
Ph.D. and postdoctoral experience. Successful can-
didates will develop extramurally funded research
programs, direct graduate students, and teach at the
graduate and undergraduate levels. The candidate
will assume an active role in the Ph.D. program in
conservation biology and participate in a new inter-
disciplinary program in wetlands conservation and
restoration.

Submit a letter of application, curriculum vitae,
statement of research and teaching interests, and three
letters of recommendation to Steve Johnson (e-mail:
sgjohnso@uno.edu) or mail to: Ecology Search
Committee, Department of Biological Sciences,
University of New Orleans, LA 70148, telephone:
504-280-6307, fax: 504-280-6121. Review of ap-
plications will begin January 8, 2007. For more infor-
mation about the Department of Biological Sciences
see website: http://biology.uno.edu/. UNO is an
Affirmative Action/Equal Opportunity Employer.

POSTDOCTORAL RESEARCH SCIENTIST
Columbia University

A Postdoctoral Research Scientist position is avail-
able in the Department of Medicine at Columbia
University Medical Center to develop novel methods
for the detoxification of nerve agents. Research will
include themutagenesis and modification of artificial
bacterial enzymes for enhanced stability and immune
evasion.

The candidate must have a Ph.D. with a back-
ground in biochemistry or related field. Experience
in bacterial protein expression and purification, site-
directed mutagenesis, enzyme kinetics, protein cross-
linking, high performance liquid chromatography, and
basic antibody protocols such as western-blotting,
immunoprecipitation, and enzyme-linked immuno-
sorbent assay preferred. Basic organic chemistry skills
and experience with organic peptide synthesis would
also be advantageous.

Qualified applicants should e-mail curriculum vitae
to: Joanne Macdonald (telephone: 212-342-5610),
e-mail: jm2236@columbia.edu.

Columbia University is an Equal Opportunity/Affirmative
Action Employer.Minorities and women are encouraged to apply.

POSITIONS OPEN

Minnesota State University, Mankato, seeks an
energetic and dynamic leader for the position of
DEAN, College of Science, Engineering and Tech-
nology. The Dean is the Chief Administrator and
Executive Officer who provides vision and leader-
ship for the College and reports directly to the Vice
President for Academic Affairs. The Dean is respon-
sible for academic and administrative planning; over-
seeing nine departments and five applied research
centers; program reviews and external accreditations;
budgeting; administration of collective bargaining
agreements; implementation of college and univer-
sity policies; promoting, developing, and encourag-
ing cultural diversity and affirmative action initiatives;
recruitment, development, and evaluation of faculty;
student relations; fundraising and grant activities;
maintaining and developing external, public and
private partnerships; and overseeing all equipment
and facilities assigned to or owned by the College.

Priority consideration will be given to complete
applications received by January 15, 2007. The po-
sition begins July 1, 2007. For a complete descrip-
tion and application information visit website:
http://www.mnsu.edu/humanres/employment.
A member of the Minnesota State Colleges and Uni-
versities System. Minnesota State Mankato is an Affirma-
tive Action/Equal Opportunity University.

ECOSYSTEM ECOLOGIST

The Institute of Ecology invites applicants at the
ASSISTANT PROFESSOR or ASSOCIATE PRO-
FESSOR level for a full-time, tenure-track, nine-
month appointment beginning August 2007. As
part of a comprehensive new strategic plan to inte-
grate ecological sciences, the Institute seeks an indi-
vidual who will develop an outstanding externally
funded research program in ecosystem ecology. The
ideal candidate should have (1) considerable quan-
titative and modeling expertise, aimed at under-
standing and forecasting ecosystem dynamics in the
context of global and regional environmental change;
and (2) a strong commitment to excellence in teach-
ing, which would include a core introductory under-
graduate course, participation in graduate courses
in their area of specialty, and research that involves
M.S. and Ph.D. students.

Applications should be sent by e-mail as a single
PDF file that includes a cover letter, curriculum vitae,
and statements of research and teaching interests to
e-mail: ecosys@uga.edu. Applicants should also ar-
range for three letters of recommendation to be sent
as PDF files to this e-mail address. Screening of ap-
plications will begin on January 15, 2007. Applications
received by that date are assured full consideration
with an anticipated start date of August 2007. The
University of Georgia is an Equal Opportunity/Affirmative
Action Institution and is committed to having a diverse faculty.

The U.S. Geological Survey_s Patuxent Wildlife Re-
search Center in Laurel, Maryland (website: http://
www.pwrc.usgs.gov/), seeks a RESEARCH BI-
OLOGIST to concentrate on threatened and endan-
gered species, and work with Patuxent_s captive flock
of breeding whooping cranes. Experience working
with cranes is not required. Research results will
contribute to advancements in the conservation of
threatened and endangered species through captive
breeding, restoration techniques, management of
restored populations, or other aspects of the ecology
and biology of imperiled species. Specific research
expertise for this work may come from a range of
organismal and ecological disciplines; one can qualify
through the Office of Personnel Management stan-
dards as a PHYSIOLOGIST, ZOOLOGIST, or
ECOLOGIST. Apply online before 21 December
2006, at website: http://www.usgs.gov/ohr/
oars/. Details on the position and application are
provided at the website.

POSITIONS OPEN

ASSISTANT PROFESSOR
Biomolecular Sciences, Fall 2007 (Number C07-075)

Central Connecticut State University (CCSU)_s
Department of Biomolecular Sciences seeks applica-
tions for a full-time, tenure-track Assistant Professor
who will use cellular and molecular approaches to
study problems in molecular biology and/or devel-
opmental biology.

Qualifications: Candidates must have a Ph.D. in
molecular biology or a related field, experience teach-
ing at the undergraduate and graduate (Master_s)
level, and a demonstrated ability for creative research.

Review of applications will begin January 16, 2007,
and will continue until a qualified applicant is se-
lected. To be considered, please submit a cover letter,
narrative descriptions of the applicant_s teaching and
research philosophies, current curricululm vitae, and
three letters of reference to: Biomolecular Sciences
Search Committee, c/o Maureen Renock, Central
Connecticut State University, 1615 Stanley Street,
New Britain, CT 06053 (e-mail: renockmad@
ccsu.edu). Full text of ad can be found at website:
http://www.ccsu.edu/jobs/Jobs_teaching.html.

CCSU aggressively pursues a program of Equal Employ-
ment and Educational Opportunity and Affirmative Action.
Members of all underrepresented groups, women, veterans, and
persons with disabilities are invited and encouraged to apply.

ASSISTANT PROFESSOR

The Department of Anatomy and Pathology of
Joan C. Edwards School of Medicine invites appli-
cations for a tenure-track Assistant Professor position
to teach human gross anatomy, including laboratory
instruction, and to contribute to an evolving grad-
uate program (website: http://www.bms.marshall.
edu). The successful applicant will have prior ex-
perience in teaching gross anatomy, a Ph.D. in a
relevant field, and a record of publications. Candi-
dates will be expected to develop and maintain an
externally funded research program. Candidates should
send an introductory letter stating their teaching
experience and philosophy, research accomplish-
ments and future research plans, curriculum vitae,
and arrange for at least three letters of reference to
be sent to: Faculty Search Committee for Gross
Anatomy, Section of Anatomy, 1542 Spring Valley
Drive, Marshall University JCESOM, Huntington,
WV 25704-9388. E-mail submission of applications
to e-mail: rhoten@marshall.edu. Screening of ap-
plications will begin January 5, 2007. Marshall Uni-
versity is an Equal Opportunity/Affirmative Action/ADA
Employer and especially encourages applications from women
and members of minority groups.

MOLECULAR GENETICIST. Tenure-track
ASSISTANT PROFESSOR in the Biology De-
partment at State University of New York (SUNY),
Fredonia. Candidates must have a Ph.D. and post-
doctoral experience. Teaching duties are genetics, plus
majors and general education courses. A research
program that promotes scholarship and involves
students is expected. The complete list of application
materials is listed on the Department website. Review
of completed applications starts on January 15, 2007.
Send materials to: Genetics Search Committee, De-
partment of Biology, State University of New York
Fredonia, Fredonia, NY 14063. See website: http:
www.fredonia.edu/humanresources/faculty.htm
for full ad. An Affirmative Action/Equal Opportunity Em-
ployer, SUNY Fredonia encourages and actively seeks applica-
tions from minorities, women, and people with disabilities.
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For more information contact us at:

www.cambrex.com

U.S. 800-638-8174 | Europe 32 (0) 87 32 16 11

For Research Use Only. Not for Use in Diagnostic Procedures.

Cambrex Bio Science Walkersville, Inc.
8830 Biggs Ford Road | Walkersville, MD 21793

Cambrex, the source for Clonetics® and Poietics™ Cell Systems, BioWhittaker™ Classical Media, SeaPlaque® and NuSieve® Agarose, and PAGEr® Precast Gels.

Primary Cells for Pioneering Research
Clonetics® Chemically
Defined Keratinocyte
Growth Media System

The Clonetics KGM-CD is:

• Chemically defined – Contains no plant

and animal extracts.

• Serum free – Minimize interference from unknown components.

• Optimized for growth and proliferation of human primary keratinocytes.

• Offered in a BulletKit® format – Basal media and required growth supplements.

• Flexible and convenient – Add or subtract components as needed.

Minimize experimental variation and eliminate costly and time-consuming

testing or qualifying serum or growth supplements.

Poietics™ Stem Cells and Media

Human Hematopoietic Progenitor Cells

• Progenitors include CD34+, CD133+, mononuclear

cells, and erythroid progenitors isolated from

mobilized and normal peripheral blood, bone

marrow, and umbilical cord blood.

Human Mesenchymal Stem Cells

• Multipotent, MSC cells and media kits tested and guaranteed for osteogenic,

chondrogenic, and adipogenic lineages.

Human Bone, Adipose, and Neural Cells and Media Kits

• Functionally active osteoclast precursors, subcutaneous and visceral

pre adipocytes, and neural progenitors upon differentiation.

• Media kits for their growth and differentiation.

Receive a FREE copy of our New Video

“Primary Cell Culture: Leading Methods and Techniques”

www.cambrex.com/promotion/CB9606

Primary Leader Primary Choice

Primary Research Primary Source
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